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The occurrence of phenotypic and genotypic diversity is the key factor in crop 
improvement including abiotic stress tolerance. The focal objectives of this study were to 
evaluate and characterize 74 tropical indica rice breeding lines for phenotypic and 
genotypic diversity, screening for the most devastating abiotic stresses in rice; drought 
and salinity at the seedling stage at morpho-physiological and molecular levels. To fulfill 
these objectives, five studies were conducted in pots; first two experiments aimed at 
assessing phenotypic and yield variability at seedling and maturity stages respectively; 
based on several (more than 20) root and shoot traits which exploited a wide range of 
variability among genotypes for measured traits. Germplasm was then screened for 
drought stress at two moister regimes, 50%, and 100% moisture levels, under mini-hoop 
structures. Nine percent of the genotypes exhibited a high tolerance to drought stress, 
and genotypes IR86638 and IR49830 were identified as the most and least drought 
tolerant respectively. Germplasm was also screened for salinity tolerance in pure sand 
pot-culture (a simple, efficient and alternate screening method) at three levels; high salt 
stress (EC 12 dSm-1), moderate salt stress (EC 6 dSm-1), and control imposed one week 
 
 
after emergence. Thirteen genotypes (17.57%) were identified as highly salt tolerant; 
genotypes FED 473 and IR85427 were highly salt tolerant and salt sensitive, 
respectively. Root traits were found more crucial and best descriptors in identifying both 
salinity and drought tolerant genotypes. Genotypes were further used in Genome-wide 
Association Study (GWAS) to uncover important SNPs, QTLs or genes related to salinity 
tolerance. A higher number of significant SNPs were discovered for root traits, indicting 
the importance of root traits in identifying abiotic stress tolerance in rice. The knowledge 
gained from this investigation could be useful in breeding for better crop establishment, 
yield improvement, screening for any abiotic stress tolerance.  
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CHAPTER I 
GENERAL INTRODUCTION 
1.1 Taxonomy of Rice 
Rice (Oryza sativa L.) belongs to the grass family Gramineae (Poaceae), genus 
Oryza and tribe Oryzeae. There are 25 recognized species in the genus Oryza consisting 
of 23 wild species and two, Oryza sativa and Oryza glaberrima, cultivated species 
(Morishima, 1984; Vaughan, 1994; Brar and Khush, 2003). Of the two cultivated species, 
O. sativa is the most widely grown species worldwide, grown almost everywhere 
including Asia, North and South America, European Union, Middle East, and Africa. 
However, Oryza glaberrima is limited to West Africa. 
1.2 Geographic Origin and Spread of Rice  
The historical and archeological evidence, geographical distribution and genetic 
diversity of rice have been studied to identify the center of origin and centers of diversity 
of the two cultivated rice species O. sativa and O. glaberrima. It is largely agreed that 
China (Yangtze and Mekong river valley) could be the primary centers of origin of O. 
sativa whereas Delta of Niger river in Africa as the probable center of origin of O. 
glaberrima (Porteres, 1956; OECD, 1999). O. sativa and O. glaberrima are believed to 
have evolved from O. nivara and O. barthii and domesticated in the South or Southeast 
Asia and tropical West Africa respectively (Chang, 1976; Oka, 1988). 
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The progenitor of O. sativa is believed to be Asian AA genome diploid species 
while African AA genome diploid species O. barthii and O. longistaminata are the 
progenitors of O. glaberrima (Chang, 1976; Siddiq and Viraktamath, 2001; NBPGR, 
2006).  
Domestication of O. sativa or Asian rice is believed to have happened 7,000 BC 
(OECD, 1999). Previous studies have revealed that O. sativa diversified into two 
ecological groups recognized as Indica and Japonica subspecies (Oka, 1988) whereas 
other studies indicate that the two groups are the independent derivatives from the 
domestication of two divergent wild rice species in China and India respectively (Second, 
1982; 1986). The foothills of the Himalayas, Chhattisgarh, Orissa, Yaunnan Province of 
China, northeastern India and parts of Thailand and Myanmar are considered as some of 
the centers of diversity for Asian cultivars.  
1.3 Early Vigor and its Role in Rice Crop Performance 
Early vigor is the ability of a plant to rapidly accumulate biomass until canopy 
closure. Early vigor is an embryonic property which involves many processes including 
resource acquisition and conversion, organ and morphogenetic dynamics, and plant 
canopy architecture for rapid colonization of space and resources (Asch et al. 1999; 
Dingkuhn et al. 1999). In rice, seedling vigor is associated with seed germination rate, 
seed, seed size and density in rice crop (Pandey et al. 2000; Shenoy et al. 1990). 
However, the associations among seed and seedling attributes are not understood to 
identify genotypes with superior appearance quality and early vigor for use in breeding. 
Associations have also been found between quantitative agronomic, morpho-
physiological traits and early vigor in rice with a varying degree of effect of genotype and 
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environment on their growth performance (Perry, 1972) and productivity (Pandey et al. 
1989). Vigor is a genetically controlled quantitative trait and has been incorporated into 
the genetic background of high yielding semi-dwarf rice cultivars in many countries as a 
breeding objective to improve seedling vigor of direct seeding semi-dwarf rice cultivars 
(Dingkuhn et al. 1992).  
1.4 Important Abiotic Stresses in Rice Crop  
1.4.1 Effect of Salt Stress on Rice and Role of Early Vigor  
Salinity is considered as one of the major abiotic stresses in rice production areas 
in the world but, in Asia, it is a major abiotic limiting factor affecting millions (21.5 
hectares) of hectares of land, reducing rice yield significantly (Nazar et al. 2011). It 
appears because of the excessive use of irrigation water with improper drainage, poor 
quality irrigation water, and flooding from sea water containing an excess amount of 
salts, all resulting in the accumulation of salts in the arable land (Ismail et al. 2010).  
There are two important stages in rice crop for salt tolerance, early seedling stage, 
and flowering stage, but the seedling stage is more critical to salt stress (Lutts et al.  
1995). According to Singh et al. 2004, flowering stage (adult plant or reproductive stage) 
is also salt sensitive, but the two stages (seedling and reproductive) are independent of 
each other for salt tolerance. Saline soils are very problematic for rice production because 
rice is considered as sensitive to salt stress, particularly at the early vegetative stage and 
later at reproductive stages (Singh et al. 2010). It affects vegetative growth (reduces shoot 
and root growth), delays panicle emergence and flowering, reduces the number of tillers, 
panicles, spikelets and poor seed setting resulting in overall low grain yield (Grattan et al. 
2002; Lauchli and Grattan, 2007; Ashraf and Akram, 2009; Hakim et al. 2010; Gupta and 
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Huang, 2014). Khatun and Flower 1995, reported that rice is tolerant to salinity stress at 
germination, becomes very sensitive at young seedling stage, acquires some tolerance 
during vegetative growth stage, turns back to sensitive at pollination and fertilization, and 
becomes highly tolerant at maturity stage again, showing no direct correlation for salinity 
tolerance at different stages. 
Although, there are extensive research studies of salinity effect on the rice, proper 
understanding of the quantitative effects of salinity on rice and critical threshold of 
responses for newly developed cultivars, is still limited. Therefore, determination of 
salinity-sensitive and salinity insensitive parameters at seedling and later stages as well as 
other physiological parameters related to final grain yield, and inter-relationship among 
yield components under salt stress condition, will help in the screening and selection of 
better rice varieties under salinity stress to improve the yield. However, the rate of 
improvement of any trait is mainly dependent on its genetic diversity. Therefore, there is 
an increased need for the genetic improvement of salt tolerance in rice, and therefore, rice 
breeders are increasingly challenged to develop rice varieties that can perform well under 
salt stress conditions (Sharma and Sharma, 1999). 
1.4.2 Effect of Water Stress on Rice Crop and Role of Early Vigor  
Drought is the most devastating abiotic stress (Raman et al. 2012) reducing rice 
yield by up to 65-85% in severe drought and 31 to 64% in case of moderate drought 
stress (Kumar et al. 2008). The intensity and severity of drought vary depending upon 
location and weather conditions (Raman et al. 2012).  
The drought has already affected rice production in most of the rice growing areas 
around the world including USA, China, Australia and many countries in Asia and 
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Africa. In Asia alone, at least 23 million ha of rice area is estimated to be drought-prone 
(Pandey et al. 2005). Similarly, in Africa, drought has affected nearly 80% of the 
potential 20 million hectares of rainfed low-land rice. Overall, 63.5 million ha of rainfed 
rice grown annually has been affected by drought, mostly in tropical Asia, Africa and 
Latin America (Narciso and Hossain, 2002). Rice is generally considered as poorly 
adapted to drought conditions because of its semi-aquatic environmental origin (Lafitte et 
al. 2006) 
Early vigor can contribute to growth and development as well as yield stability by 
rapid colonization of space and efficient utilization of resources (Asch et al. 1999) under 
drought conditions. Early canopy closure also helps to reduce unproductive, non-
transpirational water use increasing the overall water use efficiency (WUE) (Condon et 
al. 2004) which in turn enhances weed competitiveness at an early growth stage 
(Dingkuhn et al. 1999; Zhao et al. 2006). Early vigor trait is an indicator of the robust 
growing and short duration cultivars which can be useful in recognizing early maturing 
and highly yielding cultivars. Early maturing cultivars can be crucial in avoiding various 
biotic and abiotic flukes with the help of plant escape mechanism using a reduced amount 
of water per season. Thus, it is an essential factor for increasing yield and saving both 
time and water consumption.  Improving crop performance under drought, predominantly 
for food crops, is a comprehensive problem because of the increasing occurrence and 
intensity of drought events associated to climate change (Mpelasoka et al. 2008; 
Wassmann et al. 2009), particularly in regions with ambiguous food security. 
Furthermore, the competition for water resource between agricultural and other uses 
acclaims that water consumption needs to be optimized (Condon et al. 2004). 
 
6 
1.5 Genetic Diversity in Rice Crop 
The rice crop is relatively diverse and has evolved into a greatly broad base for 
genetic diversity as reflected by several landraces existing today (Jackson, 2016). The 
existence of genetic variability and its evaluation among genotypes is the key factor for 
any successful breeding program for crop improvement and can give new understandings 
to address the issues of cultivar classification and domestication of crop plants (Vaughan, 
1992). Hence, it is essential to comprehend the variability of newly introduced genotypes 
for different morpho-physiological, yield characteristics, and adaptability to harsh 
environments (Bhat and Gowda, 2004). 
As the population of the world is growing rapidly and the arable land is becoming 
problematic because of more stressful and unpredictable fluctuations in climatic 
conditions, it is a major challenge for today’s rice breeders to ensure future food security 
(Gregorio et al. 2013). However, new sequencing technologies have helped the plant 
breeders in understanding the genetic basis of crop productivity and provided modern 
tools and methods for addressing future challenges (Varshney et al. 2014). 
1.6 Association Mapping (Genome-wide Association Study)  
Association mapping is one of the modern tools which involves panels of diverse 
natural populations with diverse germplasm (Álvarez et al. 2014), exploring all the 
historical recombination events and mutations related to phenotypic trait of interest in a 
population. It is a much faster method with high-resolution power for mapping 
quantitative trait loci and higher capacity of detecting a greater number of alleles and 
thus, more advantageous over linkage mapping or traditional QTL mapping (Zhu et al. 
2008). Genome-wide association study (GWAS) reveals single nucleotide 
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polymorphisms (SNPs) as molecular markers that are significantly associated with the 
traits of interest across a diverse panel of accessions; It can handle up to one million 
SNPs and 10,000 natural accessions as mapping population (Lipka et al. 2012; Huang et 
al. 2010; Chen et al. 2014). 
1.6.1 Single Nucleotide Polymorphisms (SNPs) 
Single nucleotide polymorphisms (SNPs) are sites along DNA that differ by a 
single base when two or more genotypes are compared. They are efficient, cost-effective, 
stable, and amenable to automation (Duran et al. 2009; Edwards and Batley, 2010), and 
the most abundant form of bi-allelic genetic variation. SNPs consist of the most basic 
level of variation representing the largest number of polymorphisms in diverse genomes 
(Rafalski, 2002; Zhu et al. 2003). SNPs are becoming increasingly popular to study 
divergent materials for QTL and association mapping studies, QTL positional cloning 
and marker-assisted selection breeding programs. 
1.7 Purpose of Statement and Objectives 
The general objectives of current research study were to evaluate 74 rice breeding 
lines for early and late-season vigor, physiological, growth, and yield variability. 
Similarly, to devise an efficient and cost effective screening method and evaluate the 
slected rice breeding lines for the most devastating abiotic stresses in rice crop at early 
growth stage wich includes water stress and salt stress, and thus, identify drought and 
salinity tolerant rice genotypes based on their respective response indices. Furthermore, 
to explore morpho-physiological shoot and root traits that could best dscribe the response 
of the selected rice genotypes under stressful enviromental conditions. Characterization 
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of the selected rice genotypes for genetic diversity using genome-wide association study 
(GWAS) to uncover QTLs or SNPs associated with traits of interest was also part of the 
study.  
In the end, the study will provide a quantitative database and relative scores for all 
the measured morpho-physiological, morpho-genetic shoot and root traits, early vigor and 
maturty vigor indices, drought and salinity stress responses indices, and used and 
discovered associated SNP maker data for each rice breeding lines/genotype used in the 
current study.
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CHAPTER II 
MORPHO-GENETIC VARIABILITY ASSESSMENT OF INDICA RICE 
GENOTYPES AT SEEDLING STAGE 
2.1 Abstract 
Seedling growth is a critical stage in cereal crops including rice since it can 
influence a crop’s growth and development, stand establishment, and yield. Seedling 
vigor can be estimated by devising screening tools to assess genotypic variability for 
different quantitative traits and for identifying influential traits to be used for selecting 
the best suited genotypes for specific objectives at the juvenile stage. A 2-year study was 
conducted using a sunlit pot-culture set-up to evaluate morpho-genetic variation among 
74 rice genotypes based on shoot and root traits at seedling growth stage, 30-35 days after 
sowing. Several shoot morpho-physiological traits were measured 1-2 days before 
harvest while roots were scanned and analyzed with a WinRHIZO optical scanner and 
software system after harvest for several traits. The individual and cumulative vigor 
response indices (IVRI and CVRI) were calculated for each trait for all genotypes and 
subsequently the genotypes were classified into different vigor categories. Majority of the 
genotypes exhibited high vigor (73%) whereas only 27% exhibited low vigor. The 
highest and lowest vigor was observed in genotypes IRRI-157 and IR49830 with CVRI 
values of 39.21 and 25.16, respectively. Since, seedling traits have been found to be 
strongly associated with the crop’s growth and development, stand establishment, and  
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productivity, therefore, the high vigor rice genotypes identified could be used as genetic 
resources for developing high yielding cultivars, identifying early and late maturing 
cultivars, and enhancing juvenile stage weed competitiveness.    
2.2 Introduction 
Rice (Oryza sativa L.) is an important staple food, originally grown and 
consumed in Southeast Asia 10,000 years ago, but now cultivated in more than a hundred 
countries globally, feeding one half of the global population (Fageria, 2007). Rice is a 
rich energy source, providing 27% of dietary energy, 20% of dietary proteins, and 3% of 
fat requirements in the 33 developing nations where rice is consumed as the primary 
staple food (Kennedy et al. 2002). There is currently an increased demand for rice, 
particularly in Asia where this demand is expected to increase by 69% over the next three 
decades, mainly because of the rapid increase in population, thus putting an enormous 
pressure on rice producing countries to enhance and sustain rice productivity (Hossain, 
1997). This is confounded by the fact that yields of improved inbred rice varieties grown 
in favorable conditions that powered the Green Revolution in the 1960s have plateaued 
and even decreased in some countries in recent years due to various issues associated 
with biotic and abiotic stresses (Redoña, 2004) as well as resource limitations such as 
land and water availablility.. Therefore, new technological advances in rice production 
are necessary to keep rice productivity on pace with the future demands of the 
continuously expanding global population.  
One of the approaches to minimize the gap between rice production and future 
rice demand is to develop varieties with a broad range of adaptations to diverse rice  
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growing conditions. Therefore, a comprehensive evaluation of potentially useful rice 
germplasm for addressing this challenge at the early growth stages is crucial to assess the 
growth and developmental behavior of promising genetic donors and identify the traits 
associated with yield enhancement.  
Diversity and variability assessment of rice cultivars has previously been mostly 
based on shoot and morphological traits and limited research has been conducted on the 
role of roots in the overall assessment of phenotypic and genotypic variability. This is 
because the underground root system is hard and laborious to study and due to the lack of 
proper research tools and methods for studying root traits and their complicated 
interactions with other variables present within the soil. Recent research has shown that 
roots are more crucial than shoot traits under certain conditions. For example, under 
drought stress, roots maybe more critical for selecting varieties which can adapt to dry, 
direct seeding or aerobic cultivation to combat water scarcity (Cabangon et al. 2002). 
Longer and more expansive root systems are more likely to increase water and nutrient 
uptake (Dingkuhn et al. 2015). 
Seedling growth is a critical stage in cereal crops including rice which can 
influence the crop’s growth and development, stand establishment, and yield by 
influencing the tillering capacity and canopy development. Early season vigor is crucial 
for the plant to rapidly access water and nutrient resources and for competing with weeds 
and pests (Namuco et al. 2009). Seedling vigor is a complex trait demonstrated by the 
capacity of seedlings to germinate homogeneously, synchronize emergence, and rapidly 
accrue shoot biomass (Chen et al. 2015). As an intricate trait to address in genetic 
improvement, vigor can be divided further into component traits of lesser genetic  
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complexity such as plant height, tiller number, leaf area, leaf size, leaf expansion rate, 
and leaf appearance (Rebetzke et al. 2007; Maydup et al. 2012). Improved seedling vigor 
is considered as a pre-requisite and a most useful strategy for alleviating poor and uneven 
crop establishment as well as for weed competitiveness in rice (Okami et al. 2015; Kumar 
et al. 2009; Singh et al. 2017a; Singh et al. 2017b). 
Seedling vigor can be assessed by screening genotypes for different quantitative 
traits and identifying influential traits to select the best suited genotypes for specific 
objectives under specific environmental conditions. In recent years, seedling vigor has 
been studied based on the combined responses of shoot and root traits to increase the 
reliebility of the screening method for phenotypic evaluation. One of the recent 
technologies utilized for studing root traits effectively has been the use of the WinRHIZO 
optical scanner and software system which is a simple, quick and precise method for  
analyzing root traits in cereals (Wijewardana et al. 2015; Singh et al. 2017b; Singh et al. 
2018). Combining several measurements into a single index is more advantageous in 
research to analyze data than the use of a single measure as it helps to present results in a 
way that better describes plant performance and competitive capability (Hunt and & 
Venus 1982). Thus, shoot and root traits could be used for calculating vigor response 
indices to rank the genotypes into different response groups in order to evaluate diverse 
germplasm for specific issues of interest (Singh et al. 2017b). Indices of several primary 
traits have been previously used in plant competition experiments (Weigelt and Jolliffe, 
2003).  
The objectives of this study were to:  (1) evaluate 74 rice genotypes for shoot and 
root morpho-physiological traits at early growth stage; (2) develop an efficient method  
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for assessing early season vigor variability; and (3) classify and rank the rice genotypes 
based on vigor response indices. 
2.3 Materials and Methods 
2.3.1 Germplasm and Experimental Setup 
The germplasm for the study was ordered from International Rice Research 
Institute (IRRI), Los Baños, Philippines and was compirsed of 74 tropical indica rice 
breeding lines (Table 2.1). Seeds of these lines harvested the preceding season were 
procured from the rice breeding program of Mississippi State University (MSU) based at 
the Delta Research and Extension Center in Stoneville, Mississippi.  The experiment was 
conducted at the Environmental Plant Physiology laboratory at MSU’s Rodney Foil Plant 
Science Research Facility located near Starkville, MS. The study included two short term 
(35 to 40 days) experiments in 2016 and 2017 growing seasons in the beginning of the 
months August and July, respectively.   
The experimental setup utilized 296 polyvinyl-chloride pots (12 cm diameter and 
30 cm height) arranged in a randomized complete block design (RCBD) with four 
replications. Pots were filled with the soil medium consisting of 3:1 sand and soil, 
classified as a sandy loam (87% sand, 2% clay, and 11% silt) with a 500 g of gravel at the 
bottom of each pot. Initially, five seeds were sown in each pot and, seven  days after 
emergence, the plants were thinned to one per pot. Plants were irrigated three times a day 
through an automated, computer-controlled drip system with full-strength Hoagland’s 
nutrient solution (Hewitt, 1952), delivered at 0800,1200, and 1700 h until the final 
harvest to avoid effects of any nutrient deficiency on the growth and vigor of the rice  
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genotypes. Plant shoot growth and developmental and physiological traits were measured 
at 35 and 36 DAS, respectively, whereas root traits were measured after the final harvest 
(37 DAS). 
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Table 2.1 List of rice genotype used in the study with their short names, accession 
numbers and country of origin. 
S. N Accession no Genotype Names Short Names 
1 49401 12DS-GMET-15 GMET-15 
2 49402 12DS-GMET-25 GMET-25 
3 49403 75-1-127 75-1-127 
4 49404 Apo Apo 
5 49405 BR47 BR47 
6 49406 COLOMBIA XXI COL-XXI 
7 49407 CT18233-15-6-6-4-8-1 CT18233 
8 49408 CT18237-13-11-3-3-5-1 CT18237 
9 49409 CT18244-9-4-4-2-1-2 CT18244 
10 49410 CT18245-4-7-1-1-2-1 CT18245 
11 49411 CT18247-12-8-1-4-2-2 CT18247 
12 49412 CT18372-8-1-6-3-1-5 CT18372 
13 49413 CT18593-1-7-2-2-5 CT18593 
14 49414 CT18614-4-1-2-3-2 CT18614 
15 49415 CT18615-1-5-1-2-1 CT18615 
16 49416 CT19561-3-57-2P-2-1-2-M CT19561 
17 49417 CT6510-24-1-2 CT6510 
18 49418 CT6946-9-1-2-M-1P CT6946 
19 49419 FEDEARROZ 2000 FED20 
20 49420 FEDEARROZ 21 FED21 
21 49421 FEDEARROZ 473 FED473 
22 49422 FEDEARROZ MOCARE FED-MO 
23 49423 HHZ 12-DT 10-SAL 1-DT 1 HHZ 12 
24 49424 HHZ 1-Y4-Y1 HHZ 1 
25 49425 IR04A115 IR04A115 
26 49426 IR05F102 IR05F102 
27 49427 IR05N412 IR05N412 
28 49428 IR06N155 IR06N155 
29 49429 IR07F102 IR07F102 
30 49430 IR07F287 IR07F287 
31 49431 IR07K142 IR07K142 
32 49432 IR08A172 IR08A172 
33 49433 IR08N136 IR08N136 
34 49434 IR09A130 IR09A130 
35 49435 IR09F436 IR09F436 
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Table 2.1 (Continued) 
36 49436 IR09L179 IR09L179 
37 49437 IR09L324 IR09L324 
38 49438 IR09L337 IR09L337 
39 49439 IR09N537 IR09N537 
40 49440 IR10A134 IR10A134 
41 49441 IR10N230 IR10N230 
42 49442 IR49830-7-1-2-2 IR49830 
43 49443 IR6 (PAKISTAN) IR6 
44 49444 IR64-EMF NIL IR64 
45 49446 IR65482-4-136-2-2 IR65482 
46 49447 IR65600-81-5-2-3 IR65600 
47 49448 IR70213-10-CPA 4-2-2-2 IR70213 
48 49449 IR74371-70-1-1 IR74371 
49 49450 IR75483-385-2-2 IR75483 
50 49451 IR78049-25-2-2-2 IR78049 
51 49452 IR78221-19-6-33-B-B IR78221 
52 49453 IR78222-20-7-148-2-B IR78222 
53 49454 IR85411 IR85411 
54 49456 IR85422 IR85422 
55 49457 IR85427 IR85427 
56 49458 IR86052-32-3-2 IR86052 
57 49459 IR86126-104-B-B IR86126 
58 49460 IR86174-17-15-2-11-1 IR86-1 
59 49461 IR86174-17-15-5-1-28-44 IR86-44 
60 49462 IR86174-17-15-B-29-11 IR86-11 
61 49463 IR86635-2-3-3-3 IR86635 
62 49464 IR88633:1-66-B-1-B IR88633 
63 49465 IR93323 IR93323 
64 49466 IR93324 IR93324 
65 49467 IRRI 123 IRRI 123 
66 49468 IRRI 152 IRRI 152 
67 49469 IRRI 154 IRRI 154 
68 49470 IRRI 157 IRRI 157 
69 49471 MILYANG 240 MIL240 
70 49472 MTU1010 MTU1010 
71 49474 PALMAR 18 PALMAR 
72 49475 WAB 56-125 WAB 56 
73 Local check Thad Thad 
74 Local check Rex Rex 
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2.3.2 Shoot Growth and Developmental Traits 
Shoot growth and developmental parameters including plant height (PH), tiller 
number (TN), and leaf number (LN) were measured two days before the final harvest (35 
DAS) for all the 74 rice genotypes used in this study. Leaf area was measured using the 
leaf-area meter (LI-3100: Li-COR, Lincoln NE, USA) on the day of final harvest (37 
DAS) before leaf rolling. Leaves and stems were then stored separately in an oven at 
75C for at least 72 hours or until a constant weight was reached to measure other plant 
components including leaf dry weight, stem dry weight, shoot dry weight, and total dry 
matter (TDM) for all plants. 
2.3.3 Root Morphology, Architecture, and Root Traits 
At final harvest, stems were separated from individual root systems and roots 
were washed thoroughly and scanned using the WinRhizo Pro equipment (Regent 
Instruments, Inc., QC, Canada) where the individual root system was allowed to float in 5 
mm of water on a Plexiglas tray (Brand et al. 2016; Reddy et al. 2017, Singh et al. 2018). 
Gray-scale root images were captured by setting the parameters to high accuracy 
(resolution of 800 × 800 dpi). The acquired images were analyzed for different root  
parameters including longest root length (LRL, cm plants-1), total root length (RL, cm 
plants-1), root surface area (RSA, cm-2 plan-1), average root diameter (RAD, mm, root-1 
plant-1), root volume (RV, cm-3 plant-1), root tips (RT, no. plant-1), root forks (RF, no. 
plant-1), and root crossing (RC, no. plant-1) measured after final harvest (37 DAS) as 
previously described by Brand et al. (2016), Reddy et al. (2017) and Wijewardana et al. 
(2015). 
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2.3.4 Vigor Response Indices Computation 
For each experiment, the individual vigor indices (I) for shoot, root, and 
physiological traits were calculated by dividing the value of each genotype (Vi) by the 
maximum value (Vx) among the genotypes for the given parameter (Eq. 1).  
                                                                I = Vi/Vx                                                                               [Eq. 1] 
The cumulative vigor response indices (CVRI) were then calculated as the sum of 
all individual indices for all traits for each genotype (Eq. 2).  
CVRI (1) = (PHi/PHx) + (TNi/TNx) + (LAi/LAx) + (LWi/LWx) + (SWi/SWx) + 
(RWi/RWx) + (SHWi/SHWx) + (TWi/TWx) + (RLi/RLx) + (RSAi/RSAx) + (RADi/RADx) 
+ (RVi/RVx) + (RTi/RTx) + (RFi/RFx) + (RCi/RCx) + (LRLi/LRLx) + (CHLi/CHLx) + 
(SPADi/SPADx) + (Fv/Fmi/Fv/Fmx).                                                                         [Eq. 2] 
For the total vigor response index (TVRI), the cumulative vigor response indices 
from both experiments (two years) were added (Eq. 3). 
                                                CVRI (1) + CVRI (2) = TVRI                                    [Eq. 3]    
Finally, the total vigor response indices and standard deviations (SD) were used to 
classify the genotypes into different groups from very low-to-low, moderate, high, and 
very high vigor at seedling growth and development stages. 
2.3.5  Data Analysis 
We performed an analysis of variance for shoot, root, and physiological traits 
using the Proc GLM procedure in SAS 9.4 (SAS Institute, Inc., Cary, NC). The 
genotypes were assumed as a fixed effect, while replications within an experiment were 
considered as a random effect. Separation of means was made using the least significant  
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difference (LSD) test at P = 0.05. We calculated the standard error of each mean using 
SigmaPlot version 13 (Systat Software Inc., San Jose, CA) that was also used for the 
figure illustrations. 
2.4 Results and Discussion 
Seedling vigor is the ability of a plant to rapidly emerge from the soil surface or 
water and establish itself to be healthier than its competitors (Bastiaans et al. 2011). 
There are different morpho-physiological shoot and root determinants of vigor which can 
be explored and used in a breeding program for identifying vigorous and productive 
cultivars. Genotypes used in the current study comprised of breeding lines that have not 
been previously evaluated for morphological, physiological or genetic diversity at the 
early growth stage. The main purpose of the study was to explore the phenotypic and 
genotypic diversity at seedling stage and the probable effect of a varying environment on 
the selected tropical indica rice genotypes. The existence of genetic variability and its 
evaluation among genotypes is the key factor for any successful breeding program for  
crop improvement and can give new understandings to address the issues of cultivar 
classification and domestication of crop plants (Vaughan, 1992). Previous studies have 
shown that assessment of cultivars for phenotypic and genetic variation under cultivated 
and varying environmental conditions is a crucial factor for plant’s survival and yield 
stability (Tariku et al. 2013; Diwan, 2006). Hence, it is essential to comprehend the 
variability of newly introduced genotypes for different morpho-physiological, yield 
characteristics, and adaptability to harsh environments (Bhat and Gowda, 2004).  
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2.4.1 Shoot Growth and Developmental Attributes 
Significant variation (P<0.001) was observed among genotypes (Table 2) in the 
plant height, with a low of 10.5 cm (IRRI 123) to a high of 23.9 cm (IR86052), and with 
an average of 15.2 cm (Table 2). Similarly, tiller number (TN) and leaf area (LA) also 
showed significant differences among cultivars and for cultivar × year interaction (Table 
2.2). 
Maximum reduction in tillers number (51%) and leaf area (63%) as compared 
with their general averages were observed in genotype IR10A134. The mean of total dry 
matter (TDM) for two years ranged from 0.63 to 2.44 g plant-1 with the genotype 
IR86635 accumulating the highest TDM that was 55% more compared to the two-year 
average. Out of 74 rice genotypes, 47% were below the grand average of TDW while 
53% of genotypes were above the average (Table 2.3). 
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Table 2.2 Analysis of variance across 74 rice genotypes, two years traetment and their interaction for shoot, root morpho-
physiological traits. 
S. O. V PH TN LA TDM LRL RL RSA RAD RV RT RF RC FO FM FVFM CHL FLV ANT NBI SPAD 
Year 2016 *** NS *** *** *** *** *** * *** *** *** *** *** ** *** *** * *** *** *** 
Year 2017 *** *** *** *** *** *** *** *** *** *** *** *** *** ** ** *** NS *** * *** 
Cultivars *** *** *** *** *** *** *** *** *** ** *** * *** *** *** *** *** *** *** *** 
Year *** *** *** *** *** *** *** *** *** *** *** *** NS NS *** ** ** NS * *** 
C X Y *** *** *** *** *** *** *** *** *** *** *** * NS NS NS NS NS NS NS NS 
 
ANOVA Table contains Plant height (PH), tiller number (TN), leaf area (LA), total dry matter (TDM), longest root length (LRL), total 
root length (RL), root surface area (RSA), average root diameter (RAD), root volume (RV), root tips (RT), root forks (RF), root 
crossing (RC), minimal fluorescence intensity (FO), maximal fluorescence intensity (FM), quantum efficiency of fluorescence 
(Fv/Fm), chlorophyll (CHL), flavonoids (FLV), anthocyanin (ANT), and nitrogen balance index (NBI), and SPAD
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Genetic variation among genotypes for morpho-physiological traits including 
plant height, tiller number, crop biomass, and canopy ground cover at seedling stage 
could be used as a tool to evaluate crop growth and yield potential (Netnet, 2012; Caton 
et al. 2003; Zhao et al. 2006). Similarly,  morphological traits including plant height, dry 
weight (Regan et al. 1992), leaf area, shoot length, shoot biomass, root biomass, number 
of roots, partitioning coefficients, growth rates (Cairns et al. 2009) and rapid emergence 
(Namuco et al. 2009)  are closely related with crop’s vigor and are considered as good 
indicators of seedling and early vigor for successful crop establishment. Likewise, high 
rate of leaf area development in rice seedling is an indicator of more resource 
colonization and high yield competitiveness (Zhao et al. 2006) and high potential 
(Dingkuhn et al. 1999) for later stages. Our results supported the previous studies as the 
lowest plant height and total dry matter were found in genotypes (IRRI 123) and 
(IR09L179) that were identified in the category of very low vigor. On the other hand, the 
highest leaf area was found in genotype IRRI 157 that was classified under the highest 
seedling vigor category. 
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Table 2.3  Shoot growth and developmental traits measured before harvest (35 DAS). 
Each value reperesnts mean of four replications for two years. 
Shoot growth and developmental traits 
S. N Genotype PH TN LA TDM 
1 12DS-15 15.69 8.38 418.11 1.93 
2 12DS-25 15.41 10.25 687.45 1.97 
3 75-1-127 13.23 5.63 177.91 1.16 
4 Apo 14.63 9.38 437.70 1.91 
5 BR47 14.75 10.63 423.15 2.01 
6 COL XXI 12.23 7.38 442.80 1.61 
7 CT18233 14.69 7.50 386.91 1.32 
8 CT18237 15.19 8.88 541.01 1.95 
9 CT18244 16.94 10.00 642.64 2.20 
10 CT18245 16.44 7.63 285.24 1.69 
11 CT18247 15.00 8.38 365.27 1.53 
12 CT18372 14.00 9.00 511.49 1.68 
13 CT18593 15.88 8.50 545.12 1.38 
14 CT18614 13.44 7.75 395.22 1.67 
15 CT18615 16.94 8.38 381.41 2.19 
16 CT19561 13.19 9.00 348.61 1.52 
17 CT6510 18.13 9.50 479.02 1.57 
18 CT6946 14.56 6.38 427.48 1.50 
19 FED 2000 14.63 10.25 411.71 1.45 
20 FEDE 21 15.38 9.38 346.58 1.71 
21 FED 473 13.38 10.50 448.62 1.47 
22 FED CARE 16.69 9.00 590.84 1.82 
23 HHZ 12 17.69 6.88 266.31 1.94 
24 HHZ 1 12.81 8.00 477.90 1.47 
25 IR04A115 16.06 9.13 463.96 1.97 
26 IR05F102 16.00 8.63 401.70 1.68 
27 IR05N412 12.63 10.13 536.20 1.60 
28 IR06N155 14.00 8.38 300.22 1.53 
29 IR07F102 15.69 7.88 488.08 1.48 
30 IR07F287 17.56 12.25 598.98 1.74 
31 IR07K142 16.06 10.63 500.62 1.78 
32 IR08A172 16.06 10.13 422.88 1.69 
33 IR08N136 15.81 8.00 406.29 1.46 
34 IR09A130 15.75 10.50 580.09 1.68 
35 IR09F436 15.31 4.75 228.24 0.99 
36 IR09L179 14.25 4.25 180.53 0.63 
37 IR09L324 15.94 9.00 546.14 1.94 
38 IR09L337 14.13 6.50 219.69 1.31 
39 IR09N537 15.69 8.25 358.62 1.55 
40 IR10A134 18.00 4.13 159.06 0.93 
41 IR10N230 13.94 10.50 563.10 1.39 
42 IR49830 15.40 5.63 288.48 0.84 
43 IR6-PAK 12.13 7.50 496.54 1.52 
44 IR64-NIL 16.13 8.25 334.46 1.78 
45 IR65482 13.56 7.75 362.11 1.55 
46 IR65600 13.88 8.50 439.77 1.76 
47 IR70213 12.00 5.38 469.28 1.57 
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Table 2.3 (Continued) 
48 IR74371 14.69 6.63 372.58 1.72 
49 IR75483 13.60 7.88 452.91 1.58 
50 IR78049 14.44 8.00 644.47 1.34 
51 IR78221 15.70 8.38 432.32 2.05 
52 IR78222 16.63 9.25 436.79 1.65 
53 IR85411 16.00 10.88 419.82 2.08 
54 IR85422 16.25 9.88 555.01 1.75 
55 IR85427 19.31 7.50 549.00 1.77 
56 IR86052 23.94 7.13 317.04 1.51 
57 IR86126 13.88 7.25 291.92 1.35 
58 IR86174 11.63 10.13 524.12 1.54 
59 IR86174 17.00 14.88 399.69 1.67 
60 IR86174 16.94 6.25 473.19 1.49 
61 IR86635 14.18 11.13 805.23 2.44 
62 IR88633 14.74 10.38 558.75 1.72 
63 IR93323 16.00 7.50 417.06 1.36 
64 IR93324 13.25 10.00 344.88 1.52 
65 IRRI 123 10.50 8.13 334.45 0.94 
66 IRRI 152 16.31 8.63 245.25 1.72 
67 IRRI 154 13.75 10.25 493.27 1.78 
68 IRRI 157 21.04 9.13 823.26 2.11 
69 MIL 240 14.75 7.75 423.09 1.92 
70 MTU1010 14.75 7.75 501.68 2.05 
71 PALMAR 16.63 8.38 384.50 1.50 
72 WAB 56 13.56 9.25 532.91 1.38 
73 Thad 15.25 5.25 267.66 1.46 
74 Rex 15.36 5.25 317.39 1.39 
 Ave 15.23 8.45 433.81 1.62 
 Max 23.94 14.88 823.26 2.44 
 Min 10.50 4.13 159.06 0.63 
Shoot growth and developmental trait included plant height (PH, cm plant-1), tiller 
number (TN, no. plant-1), leaf area (LA, cm-2 plant-1) and total dry matter (TDM, g plant-
1) 
 
2.4.2 Root Parameters 
Significant cultivar effect, year effect, and cultivar × year interaction effects were 
observed for all the root parameters measured on the 74 rice genotypes (Table 2.2). 
Averaged over all the cultivars, IR09L179 exhibited the lowest root length (RL), root 
volume (RV) and root surface area (RSA) whereas IR64 and IR85422 showed the highest 
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values for RL and RSA, correspondingly (Table 4). The root diameter (RD) ranged from 
0.43 cm (IR09L179) to 0.68 cm (IRRI157), with an average of 0.54 cm (Table 2.4). Like 
RD, cultivars IR09L179 (4.95 cm3) and IRRI157 (22.61 cm3) showed the lowest and 
highest root volume (RV) with an average of 4.95 cm3. Root tips ranged from 21662 
(COLXXI) to 98758 (IR09N537) no. plant-1 with an average of 27809 no. plant-1. The 
cultivars IR85422 and IRRI 123 exhibited the highest and lowest number of forks and 
crossings, respectively, with the average of 73263 and 5420 no. plant-1 (Table 2.4). 
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Table 2.4 Root growth and developmental traits measured after harvest (37 DAS). 
Each value represents mean of four replications for two years. 
Root growth and developmental traits 
S.N CUL. LRL RL RSA RAD RV RT RF RC 
1 12DS-15 35.63 4813.03 896.48 0.56 13.99 29744.21 80963.96 5823.13 
2 12DS-25 45.50 5678.64 1106.48 0.58 19.16 30297.29 89943.79 6395.42 
3 75-1-127 36.75 3695.16 516.14 0.43 5.96 23652.92 48808.13 4087.13 
4 Apo 41.13 5145.11 882.42 0.53 12.69 31583.00 81249.67 6641.38 
5 BR47 42.50 5411.56 1050.23 0.59 19.19 32790.25 90374.04 6513.33 
6 COL XXI 38.25 3672.76 736.30 0.53 12.74 21662.33 60455.25 4372.67 
7 CT18233 34.38 3417.59 593.38 0.50 8.56 22740.21 52882.50 3866.42 
8 CT18237 44.63 5553.93 988.16 0.54 14.63 30963.13 87965.38 6361.63 
9 CT18244 44.75 4492.03 904.47 0.59 15.75 25627.33 71202.13 4838.79 
10 CT18245 39.88 4826.99 962.90 0.58 16.23 28194.25 77105.33 5666.88 
11 CT18247 41.13 4133.51 795.26 0.55 12.96 23458.54 63247.63 4328.21 
12 CT18372 35.13 3837.35 659.38 0.48 9.28 23675.21 64303.71 4842.58 
13 CT18593 36.25 4335.18 816.94 0.56 12.57 25498.17 68362.88 4871.96 
14 CT18614 42.13 4655.66 803.97 0.52 11.97 30098.08 77711.75 6067.67 
15 CT18615 36.38 5251.55 905.65 0.54 13.37 34095.63 87175.67 6438.63 
16 CT19561 39.00 4683.05 851.17 0.53 12.86 26229.04 77161.54 5537.42 
17 CT6510 37.63 3890.22 788.40 0.57 14.43 25985.08 63018.21 4600.63 
18 CT6946 43.25 4980.64 902.00 0.53 13.97 29705.00 78497.54 5321.92 
19 FED 2000 37.13 4533.85 904.81 0.61 15.76 24721.25 68948.96 4734.33 
20 FEDE 21 39.63 5117.57 848.07 0.53 11.94 32658.04 76072.21 5691.92 
21 FED 473 33.38 4690.02 837.22 0.58 12.94 28335.25 78056.75 5918.96 
22 FED CARE 41.00 5133.03 1027.69 0.60 17.54 29552.25 84685.83 5917.17 
23 HHZ 12 41.38 4321.56 744.53 0.51 10.58 25516.67 58773.04 4002.54 
24 HHZ 1 43.00 4671.43 783.53 0.51 11.38 31324.88 77483.13 6074.58 
25 IR04A115 40.38 5240.16 959.38 0.56 15.11 29920.58 82552.54 5787.75 
26 IR05F102 36.88 4560.31 824.09 0.55 12.61 28476.21 67104.71 4576.25 
27 IR05N412 35.50 4417.95 765.81 0.53 11.16 30209.21 82948.21 6939.46 
28 IR06N155 40.88 4626.33 633.80 0.44 7.06 33593.67 65941.33 5685.63 
29 IR07F102 38.63 4314.01 809.19 0.51 13.05 25470.58 66581.21 4501.13 
30 IR07F287 41.63 5166.75 958.08 0.56 15.15 25609.92 81884.67 6099.13 
31 IR07K142 35.75 3796.74 746.69 0.58 12.87 23876.46 64557.67 4829.33 
32 IR08A172 41.13 5505.57 976.77 0.53 14.46 30040.63 87569.46 6385.96 
33 IR08N136 34.63 3924.29 698.96 0.53 10.88 22311.46 57485.96 4276.25 
34 IR09A130 39.50 4724.65 936.62 0.61 18.19 26066.83 75233.92 5525.54 
35 IR09F436 30.25 3565.67 514.50 0.44 6.16 22372.38 52474.46 4242.04 
36 IR09L179 35.38 3296.44 448.89 0.43 4.95 22393.79 46319.88 3942.00 
37 IR09L324 42.38 4849.38 909.74 0.59 15.52 28310.08 83712.46 6246.13 
38 IR09L337 38.25 3942.88 545.98 0.44 6.19 26168.58 54535.67 4266.17 
39 IR09N537 42.00 5303.11 906.93 0.52 13.18 35068.79 89814.46 7082.04 
40 IR10A134 34.13 3681.71 501.85 0.44 5.50 23178.13 55731.13 4680.88 
41 IR10N230 45.00 4641.11 816.62 0.53 11.77 27458.63 68026.46 4845.46 
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42 IR49830 26.00 3913.73 626.85 0.48 8.10 23148.46 59176.13 4451.71 
43 IR6-PAK 37.75 5114.80 880.68 0.54 13.26 29342.38 73542.29 5698.42 
44 IR64-NIL 46.25 6177.57 1096.43 0.54 16.84 31284.33 97389.08 7356.67 
45 IR65482 37.88 4442.42 877.89 0.56 15.20 25985.54 69906.33 4491.29 
46 IR65600 39.50 4311.44 847.99 0.58 14.92 28854.67 70035.42 4886.00 
47 IR70213 37.13 4411.24 923.65 0.59 17.45 24562.17 71041.50 4695.96 
48 IR74371 43.88 5296.16 920.58 0.51 13.39 31487.83 75829.46 5216.67 
49 IR75483 41.13 4928.53 844.35 0.54 12.88 33716.83 74898.46 5328.21 
50 IR78049 37.75 4137.21 818.51 0.55 13.72 24956.08 77369.17 5857.38 
51 IR78221 41.13 4963.30 1005.25 0.62 18.54 30078.29 82164.42 6046.79 
52 IR78222 38.25 4777.92 871.28 0.55 14.22 29291.50 76172.50 5900.38 
53 IR85411 42.75 4843.72 850.37 0.54 12.48 29935.00 76440.83 5404.67 
54 IR85422 43.50 5984.22 1126.69 0.61 20.11 33162.50 98758.42 8157.38 
55 IR85427 43.00 5017.21 883.72 0.55 12.60 30770.38 86558.29 6580.79 
56 IR86052 40.13 4875.35 899.85 0.54 14.07 28474.21 80212.25 5809.29 
57 IR86126 37.50 3572.43 561.57 0.44 7.34 24067.75 57098.00 4490.79 
58 IR86174 40.75 4747.54 916.56 0.57 15.68 27369.04 74408.29 5434.79 
59 IR86174 36.00 4305.71 770.29 0.53 11.96 25551.75 68934.92 5325.88 
60 IR86174 39.38 5528.07 913.01 0.53 12.87 32827.42 88285.46 7281.92 
61 IR86635 39.25 5000.34 1034.56 0.57 18.30 29807.38 93802.42 7048.50 
62 IR88633 38.63 4668.05 882.08 0.55 14.06 26421.08 65741.58 4465.17 
63 IR93323 41.38 3921.77 746.19 0.51 12.28 25160.00 67161.17 4781.21 
64 IR93324 40.38 5220.83 896.06 0.50 12.91 29900.54 80663.71 6314.96 
65 IRRI 123 36.25 3317.13 557.47 0.49 8.09 22081.58 45653.33 3176.88 
66 IRRI 152 35.25 3961.11 724.30 0.54 11.12 23805.54 67796.46 5034.17 
67 IRRI 154 40.50 4702.93 845.85 0.54 13.44 28469.08 64752.21 4518.46 
68 IRRI 157 42.75 5035.52 1118.91 0.68 22.61 31566.79 88841.29 5938.25 
69 MIL 240 42.13 5322.00 960.01 0.56 15.28 34194.38 82127.96 6004.54 
70 MTU1010 43.13 5036.34 1058.20 0.61 20.47 30246.13 89308.25 6146.13 
71 PALMAR 45.50 4779.05 811.54 0.51 11.49 31226.79 77367.04 5977.38 
72 WAB 56 43.00 4682.36 905.61 0.55 15.17 27515.00 78808.46 5478.58 
73 Thad 40.13 4286.20 792.11 0.53 12.65 22272.17 59377.50 4373.13 
74 Rex 41.25 4703.52 706.41 0.46 8.55 21769.04 54904.63 4558.42 
 
Ave 39.47 4628.16 836.95 0.54 13.19 27809.94 73262.84 5419.69 
 
Max 46.25 6177.57 1126.69 0.68 22.61 35068.79 98758.42 8157.38 
 
Min 26.00 3296.44 448.89 0.43 4.95 21662.33 45653.33 3176.88 
Root growth and developmental traits included longest root length (LRL, cm plants-1), 
total root length (RL, cm plants-1), root surface area (RSA, cm-2 plan-1), average diameter 
(RAD, mm, root-1 plant-1), root volume (RV, cm-3 plant-1), root tips (RT, no. plant-1), root 
forks (RF, no. plant-1), and root crossing (RC, no. plant-1) 
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Previous studies have recognized associations between root traits and crop growth 
and productivity (Kell, 2011). Early and vigorous seedling emergence leads to better root 
anchorage and improved nutrient absorption capacity (Farooq et al. 2011). Root length 
has been previously identified as a representative indicator of seedling vigor (Redoña and 
Mackill, 1996). Deeper roots enable plants to engross stored water from underneath soil 
substratum (Wasson et al. 2012), large diameter of roots improves root penetration into 
the soil, and root hairs assure the availability of water to the young tissues (Tanaka et al. 
2014). Root growth and developmental traits including RL, RV, and RSA are particularly 
important under drought conditions for regulating the hydraulic conductance in rice 
cultivars to increase water uptake for normal growth and survival (Henry et al. 2012; 
Singh et al. 2017b). However, genetic differences in the root hydraulic conductivity can 
result in differences in the root growth and developmental traits under specific conditions 
(Henry et al. 2012). 
In the current study, we identified genotype IR85422 to have the highest RF and 
RC, genotype IR64 with highest LRL, RL, and genotype (IRRI 157) with highest RAD, 
and RV.  These genotypes were all identified to also below to the category of highest 
vigor genotypes. Contrarily, genotype IR09L179 identified as having very low vigor, also 
showed the lowest RL, RSA, and RV values. Similarly, genotype IRRI 123 with the 
lowest RF and RC was also classified in the very low vigor category (Table 2.6).  
2.4.3 Morpho-physiological Efficacy  
Cultivar × year interaction was not significant for all the physiological parameters 
tested; however, the cultivar effect was significant (P<0.001) (Table 2.2). The minimal 
(Fo) and maximal fluorescence (Fm) ranged from 8317 (Rex) to 13205 (BR47) and from 
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16759 (FED473) to 33233 (COLXXI), respectively, with the averages of 11143 and 
26705 (Table 4). The highest and lowest quantum efficiency (Fv′/Fm′) was observed for 
genotypes IR70213 (0.72) and FED473 (0.43) in comparison with the two-year average 
(Table 5). The hand-held instrument- Dualex® enabled the assessment of the level of 
photosynthetic pigments (chlorophyll) in the mesophyll, flavonoids, and anthocyanin in 
the epidermis, and nitrogen balance index (NBI) which indicates the ratio of both 
chlorophyll and flavonoid units of rice leaves. The lowest chlorophyll content was 
observed in genotype CT18593 (9.7) and the highest in Thad (33.3), with a general 
average of 22 µg cm-2 (Table 2.5). The genotype CT18593 exhibited the highest 
anthocyanin content and SPAD while the lowest was observed in Thad and IR07F102, 
respectively. 
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Table 2.5 Physiological traits measured before harvest (37 DAS). Each values 
represents the mean of four replications for two years. 
Physiological traits 
S. N CUL. FO FM FVFM CHL FLV ANT NBI SPAD 
1 12DS-15 12502.83 30952.83 0.64 19.89 0.96 0.16 20.35 38.23 
2 12DS-25 9366.13 22899.92 0.60 21.66 1.00 0.15 22.33 38.81 
3 75-1-127 12640.83 31379.58 0.62 23.63 0.97 0.14 23.86 40.50 
4 Apo 11114.25 25404.75 0.55 20.02 1.26 0.17 16.56 41.10 
5 BR47 13205.08 29689.08 0.60 28.16 1.11 0.13 23.42 44.13 
6 COL XXI 11806.83 33233.67 0.68 20.30 1.09 0.18 18.24 32.35 
7 CT18233 10367.00 29544.75 0.67 23.97 1.09 0.15 21.92 38.40 
8 CT18237 10246.92 24272.25 0.60 28.00 1.20 0.15 23.20 40.15 
9 CT18244 11175.33 28358.50 0.62 15.50 1.09 0.19 14.01 41.63 
10 CT18245 11542.25 29456.25 0.64 15.45 1.04 0.16 14.85 40.98 
11 CT18247 9913.75 21436.42 0.59 22.40 1.00 0.16 21.81 41.43 
12 CT18372 11139.21 27323.67 0.64 21.58 0.94 0.16 18.22 39.06 
13 CT18593 10027.58 18464.25 0.47 9.67 0.90 0.25 10.31 47.64 
14 CT18614 10459.54 26777.33 0.62 21.37 1.13 0.18 18.33 40.20 
15 CT18615 9994.96 23784.75 0.60 22.59 1.04 0.16 21.00 41.15 
16 CT19561 11097.29 28129.17 0.63 20.62 0.93 0.15 21.85 39.45 
17 CT6510 10632.54 26547.75 0.63 17.50 1.10 0.19 15.32 37.38 
18 CT6946 11178.29 25202.00 0.59 15.69 0.95 0.15 12.67 36.54 
19 FED 2000 12117.25 28060.67 0.61 24.09 0.78 0.14 16.91 38.64 
20 FEDE 21 10548.04 20352.92 0.50 16.37 1.13 0.19 13.77 41.05 
21 FED 473 10508.67 16759.67 0.43 16.70 1.04 0.18 15.30 42.21 
22 FED CARE 11741.67 26651.08 0.59 19.65 1.06 0.17 18.19 39.49 
23 HHZ 12 11771.79 28980.00 0.64 18.60 0.97 0.17 14.23 36.78 
24 HHZ 1 11069.96 23508.08 0.58 12.62 0.91 0.21 13.23 42.91 
25 IR04A115 10691.58 23092.00 0.54 23.76 1.17 0.15 19.90 42.03 
26 IR05F102 12097.42 24434.92 0.53 17.44 0.96 0.17 17.55 38.00 
27 IR05N412 12769.13 24320.17 0.56 18.16 1.06 0.20 17.20 41.43 
28 IR06N155 11742.13 26030.25 0.60 23.43 1.01 0.14 23.38 44.55 
29 IR07F102 9819.42 25733.58 0.69 17.45 0.98 0.18 17.46 31.90 
30 IR07F287 12438.13 28894.83 0.58 22.31 1.05 0.14 20.69 43.04 
31 IR07K142 9775.13 22948.42 0.60 26.79 1.11 0.14 23.58 44.90 
32 IR08A172 12188.79 32563.42 0.69 25.72 1.10 0.14 22.93 44.26 
33 IR08N136 11217.58 28353.33 0.64 20.68 1.07 0.16 18.89 44.73 
34 IR09A130 11428.71 24078.00 0.60 21.49 1.13 0.16 18.85 44.56 
35 IR09F436 10494.21 27185.25 0.63 24.24 1.05 0.14 23.22 42.55 
36 IR09L179 11562.67 28590.33 0.65 26.32 1.07 0.14 24.33 42.96 
37 IR09L324 11130.88 27908.92 0.67 24.10 1.07 0.16 21.98 42.03 
38 IR09L337 11300.58 28223.17 0.64 24.54 1.05 0.15 23.52 42.71 
39 IR09N537 10368.63 21567.33 0.55 21.60 1.06 0.16 20.12 40.83 
40 IR10A134 10593.46 24857.42 0.61 30.09 0.87 0.12 25.94 43.80 
41 IR10N230 11574.00 29962.75 0.66 24.66 1.13 0.15 21.55 41.60 
42 IR49830 10907.92 26705.25 0.64 25.06 1.01 0.13 18.08 35.38 
43 IR6-PAK 11591.75 29141.50 0.62 21.11 1.11 0.16 18.66 43.55 
44 IR64-NIL 12307.50 30490.92 0.69 18.41 0.89 0.14 17.17 39.29 
45 IR65482 11188.00 27902.75 0.65 28.12 0.93 0.13 23.38 44.20 
46 IR65600 11416.67 27486.00 0.66 26.98 1.20 0.14 22.68 44.50 
47 IR70213 10296.25 31515.50 0.72 27.49 0.93 0.14 22.86 40.80 
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48 IR74371 11982.83 33151.42 0.71 27.54 1.01 0.13 26.83 43.88 
49 IR75483 10707.58 24462.92 0.62 26.52 1.09 0.14 24.84 43.58 
50 IR78049 11176.00 28621.58 0.68 24.03 1.16 0.15 20.63 37.33 
51 IR78221 9778.75 24094.50 0.65 30.98 1.21 0.13 25.32 42.31 
52 IR78222 10371.42 27697.50 0.68 26.92 1.14 0.15 23.62 46.96 
53 IR85411 11213.63 26703.17 0.66 17.12 0.94 0.16 18.85 41.13 
54 IR85422 11215.04 29452.25 0.67 18.78 1.06 0.16 17.11 38.21 
55 IR85427 11627.96 28523.00 0.64 14.53 1.24 0.22 11.29 40.45 
56 IR86052 10729.75 28948.75 0.67 28.68 1.12 0.13 25.16 40.43 
57 IR86126 12071.38 31192.17 0.64 26.49 1.04 0.14 25.05 39.20 
58 IR86174 11639.75 31649.83 0.66 24.89 1.09 0.15 22.42 44.80 
59 IR86174 10537.83 25614.42 0.65 15.26 1.14 0.21 13.07 35.93 
60 IR86174 10637.25 20328.50 0.58 18.09 1.02 0.19 17.38 37.23 
61 IR86635 11524.38 27116.58 0.56 21.34 0.97 0.15 21.31 39.83 
62 IR88633 11051.13 25941.83 0.60 17.80 0.94 0.16 18.40 41.73 
63 IR93323 9506.96 19038.50 0.54 20.82 1.09 0.17 18.81 37.00 
64 IR93324 12729.58 26755.50 0.56 22.37 0.91 0.15 23.95 35.49 
65 IRRI 123 12728.75 30197.08 0.63 20.58 0.92 0.15 17.82 40.04 
66 IRRI 152 12941.00 28003.00 0.59 20.13 1.11 0.16 18.05 39.70 
67 IRRI 154 11576.79 24614.00 0.54 18.33 0.95 0.15 13.53 39.20 
68 IRRI 157 11330.92 32608.58 0.70 23.43 0.99 0.14 23.04 45.00 
69 MIL 240 10829.88 26725.67 0.62 18.61 0.98 0.17 18.52 40.91 
70 MTU1010 10023.21 24471.33 0.67 27.30 1.30 0.15 21.01 40.38 
71 PALMAR 12576.29 29702.17 0.60 20.49 1.17 0.17 17.04 43.94 
72 WAB 56 11070.75 26679.33 0.61 23.29 1.03 0.13 22.12 38.30 
73 Thad 9637.29 26703.75 0.65 33.25 1.19 0.12 27.77 39.11 
74 Rex 8317.29 18065.08 0.57 22.69 1.08 0.16 20.18 40.55 
 Ave 11143.27 26705.65 0.62 21.98 1.05 0.16 19.82 40.76 
 Max 13205.08 33233.67 0.72 33.25 1.30 0.25 27.77 47.64 
 Min 8317.29 16759.67 0.43 9.67 0.78 0.12 10.31 31.90 
Physiological traits included minimal fluorescence intensity (FO), maximal fluorescence 
intensity (FM), quantum efficiency of fluorescence (Fv/Fm), Chlorophyll (CHL, µg cm-
2), flavonoids, anthocyanin, nitrogen balance index and SPAD. 
 
 
Like morphological traits, physiological traits can also play an important role in 
plant growth and development and crop productivity. Understanding the changes in 
photosynthetic efficacy due to abiotic stresses is one key component in physiological 
research for crop improvement (Reynolds et al. 2012). Physiological attributes can be 
adversely affected under stress conditions (drought, salinity or nutrients) leading to 
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retarded vegetative growth and reduced carbon gain (Sayed, 2003), and absorption of 
reproductive effort (Nilsen and Orcutt, 1999) at the reproductive stage. Photosynthesis 
and leaf water status, which are closely associated to productivity and crop yield (Chaves 
et al. 2009), could also be important factors to consider under stress conditions. 
Similarly, chlorophyll fluorescence traits (Fo, Fm, Fv/Fm) are extensively used to 
measure a crop’s leaf photosynthetic performance (Baker and Rosenqvist, 2004) and 
investigate plant response to environmental stresses (Resco et al. 2008; Wu et al. 2011). 
For example, decreased chlorophyll fluorescence leads to decreased photosynthetic 
efficiency of PS2 and increased non-photochemical quenching (Lichteuthaler and Miehe, 
1997), indicating the occurrence of stress condition in plants.   
The Fv/Fm ratio represents the maximum quantum yield of PSII which is 
associated with quantum yield of net photosynthesis and is used as an indicator of the 
photo-inhibitor or other injury triggered in the PSII complexes (Rohacek, 2002). Thus, 
variations observed in photochemical activity of PSII can contribute to the restrictions of 
photosynthesis activity under stressful condition (Tezara et al. 2002). Under non-stress 
conditions, Fv/Fm value remains 0.8 for most crop species (Oyetunji et al. 2007); thus, 
lower values provide an indication of the occurrence of stress resulting in retarded growth 
and lower yield. 
Increase of minimum fluorescence (Fo) value due to abiotic stresses including 
temperature (Yamada et al. 1996) and drought (Adam et al. 2013) has been previously 
reported indicating disruption of photosynthesis apparatus due to abiotic stresses.   
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2.4.4 Classification of Rice Cultivars  
Seedling vigor is a complex phenomenon involving morphological, ecological 
and population characteristics (Counts and Lee, 1987; Pang et al. 1995) as well as several 
attributes associated with various aspects of performance of the seed ((Perry, 1981) both 
in storage (Hampton and Coolbear, 1990) or in the field (Perry, 1978). Seedling vigor is 
important for increasing the ability of plants in gaining optimum stand establishment and 
increasing weed competitiveness in rice cropping systems. Several studies have revealed 
the effect of seedling vigor on the quantitative growth and developmental traits including 
seed germination rate and growth rate of early seedling (Redona and Mackill, 1996b; Cui 
et al. 2002a). Vigor in rice affects many agronomic traits and grain yield (Pandey et al. 
1989; Miura et al. 2004). Namuco et al. (2009) reported better crop establishment in 
direct-seeded system for genotypes with strong early vigor. Several studies have also 
revealed substantial amount of genetic variation for seedling vigor in both Indica and 
Japonica subspecies of rice (Krishnaswamy and Seshu, 1989; Redoña and Mackill, 
1996a; Yamauchi and Winn, 1996).     
The CVRI values for 2016 and 2017 for each rice genotype or cultivar were 
derived by summing individual vigor response indices for all root and shoot parameters 
among the 74 rice cultivars evaluated in this study (Table 2.6). This method was used to 
identify cultivar as having very low, moderately low, moderately high, and very high 
vigor response. The 74 rice cultivars were classified into these five different groups based 
on the combined mean values of the vigor response indices of morpho-physiological 
parameters and the standard deviation. Four cultivars were identified within the range of 
25.16- 27.96 and were classified as having very low vigor response, 16 cultivars were 
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classified as moderately low vigor and were within the range of 27.97-30.75. Under the 
high vigor response category, 30 rice genotypes were identified as having moderately 
high, 21 as having high, and 3 cultivars as having very high vigor response (Table 2.6). 
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Table 2.6 Classification of 74 rice genotypes based on cumulative response indices of 
measured shoot, root morpho-physiological traits. 
Very Low Moderately low Moderate high High Very High 
(25.16-27.96) 27.97-30.75) (30.75-33.55) (33.55-36.34) (36.35-39.22) 
IR49830 25.16 75-1-127 27.96 HHZ 1 30.78 IR86174 33.70 BR47 36.40 
IR09L179 25.9 CT18233 28.25 IR78049 30.81 IR74371 33.72 IR85422 37.07 
IRRI 123 25.97 IR93323 28.42 IR65482 30.95 IR78222 33.77 IRRI 157 39.21 
IR09F436 27.06 COL XXI 28.47 IR08N136 31.12 Apo 34.18 
 
  
    IR86126 28.50 CT19561 31.25 FED CARE 34.29 
 
  
    IR10A134 28.55 IR70213 31.25 IR85411 34.31 
 
  
    Rex 28.68 FED 473 31.33 12DS-15 34.39 
 
  
    IR07F102 28.82 WAB 56 31.40 MIL 240 34.40 
 
  
    CT18372 28.94 FED 2000 31.52 IR07F287 34.74 
 
  
    IR09L337 29.30 IR05F102 31.60 CT18244 34.81 
 
  
    CT18593 29.85 IR86174 31.60 IR85427 34.81 
 
  
    CT18247 29.89 IR93324 31.60 MTU1010 34.95 
 
  
    CT6510 30.00 IR88633 31.94 IR04A115 35.01 
 
  
    HHZ 12 30.23 IRRI 154 32.15 CT18615 35.02 
 
  
    Thad 30.24 CT18614 32.20 IR78221 35.17 
 
  
    CT6946 30.44 IRRI 152 32.26 12DS-25 35.17 
 
  
        CT18245 32.28 IR08A172 35.20 
 
  
        IR07K142 32.43 IR64-NIL 35.40 
 
  
        IR09N537 32.74 IR09L324 35.46 
 
  
        IR65600 32.78 CT18237 35.81 
 
  
        IR6-PAK 32.81 IR86635 35.99 
 
  
        IR05N412 32.81     
 
  
        IR86174 32.93     
 
  
        FEDE 21 32.95     
 
  
        PALMAR 32.98     
 
  
        IR75483 33.08     
 
  
        IR10N230 33.17     
 
  
        IR86052 33.22     
 
  
        IR06N155 33.37     
 
  
        IR09A130 33.53         
4 16 30 21 3 
 
 
 
36 
 High vigor response rice genotypes that were within the range of 36.35-39.22 
were BR47 (36.40), IR85422 (37.07), and IRRI157 (39.21). Rice genotypes with 
moderate, high, and very high vigor response are the genotypes with good productivity 
potential. High correlation coefficients (r2) were observed between experimental year1 
(2016) or year2 (2017) and CVRI for 74 rice genotypes; (r
2 = 0.66, P = 0.0001) (r2 = 0.94, 
P = 0.0001), respectively, indicating that response of genotypes to all parameters was 
almost similar for year1 and year2 (Fig. 2.1).  
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Figure 2.1 Relationship between combined vigor response index and year 1 or year 2 
vigor response   index of 74 rice genotypes. 
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In order to study the correlation between shoot, root, and physiological traits, the 
vigor response indices developed for each component were plotted against CVRI 
separately (Fig. 2). A poor linear correlation was observed (r2 = 0.25) between shoot and 
CVRI for the 74 rice genotypes studied. This implies that shoot parameters could have 
poor value for selecting highly vigorous cultivars during early establishment of rice. On 
the other hand, strong linear correlations were observed between CVRI and root (r2 = 
0.40) and physiological (r2 = 0.44) traits (Fig. 2.2). These observations indicate that root 
and physiological traits may be more crucial for selecting highly vigorous rice cultivars 
during their early stages. Therefore, this information would be useful determining which 
traits are best suited in screening rice cultivars for vigor response in future environments. 
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Cummulative vigor response index
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Figure 2.2 Relationship between combined vigor response index and shoot, root or 
physiological combined vigor response index of 74 rice genotypes. 
 
 
Overall, the studied rice genotypes exhibited substantial variability for the 
measured shoot and root morpho-physiological traits. Vigor indices identified 
physiological traits as more critical (r2 = 0.44) for seedling vigor, followed by root (r2 = 
0.40), and shoot (r2 = 0.25) quantitative traits.  This result could be useful in identifying 
specific traits or trait combinations to use for selecting the best suited genotypes for 
specific research objectives. The individual and cumulative vigor response indices (IVRI 
and CVRI) classified the 74 rice genotypes into different vigor categories including very 
low (four genotypes), moderately low (16 genotypes), moderately high (30 genotypes), 
high (21 genotypes) and very high (three genotypes) vigor groups. Majority of the 
genotypes exhibited high vigor (73%) whereas only 27% exhibited low vigor. The 
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highest and lowest vigor was observed in genotypes IRRI-157 and IR49830 with CVRI 
values of 39.21 and 25.16, respectively. The information gained from this study could be 
used for selecting valuable genetic resources in research aimed at developing for high 
yielding cultivars, enhancing juvenile stage weed competitiveness, identifying and 
formulating crop’s growth rate and growth period as early and late season crop, and 
improving crop stand and productivity.  Specific genotypes could also be used as donor 
parents in breeding programs aiming to develop new varieties with specific traits that 
could enhance rice crop yield and overall productivity.
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CHAPTER III 
ASSESSMENT OF AGRO-MORPHOLOGICAL, PHYSIOLOGICAL AND YIELD 
DIVERSITY AMONG TROPICAL RICE GENOTYPES 
3.1 Abstract 
Rice (Oryza sativa L.) is an important crop mainly used as staple, however, the 
per acre average rice yield is still less than its substantial potential of this crop. Agro-
morphological characterization of rice breeding lines is crucial for a successful varietal 
improvement program. The objective of the study was to evaluate the phenotypic 
diversity of 74 rice-breeding lines obtained from IRRI. Rice genotypes were screened in 
the pots for morphological, physiological and yield-related traits at vegetative and 
maturity stages. A wide range of variability was observed among genotypes for the 
measured traits; plant height, tillers number, net photosynthesis, water use efficiency and 
percentage of filled and unfilled grains were critical for phenotypic diversity estimation. 
Individual and total response indices (TRI) were calculated which revealed higher 
positive correlation between TRI and yield traits (R2 = 0.59) than physiological (R2 = 
0.28) and growth and developmental traits (R2 = 0.21), indicating that yield trait are more 
important for assessing phenotypic variability and characterization of genotypes. TRI 
values of genotypes and their standard deviations were used to classify rice genotypes 
into four different response groups. Most of the genotypes were classified in the category 
of moderately high (39.2%) and high (28.4%) total response index, while only 12.2 % 
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and 20.3 % were identified in the low and moderately low response index groups 
respectively. Genotypes (IR08N136) and (IR09L179) were identified as the least and 
highest diverse genotypes with TRI values 44.51 and 16.76 respectively. Thirteen 
genotypes were identified as early maturing with less than 100 days to panicle initiation 
(PI), 37 as moderately maturing (100-130 PI) and 24 as late maturing (more than 130 PI). 
Genotype (IR49830) and (IR86635) were the earliest and latest maturing with 86 and 161 
days to flowering. The exploited variability and diversity could be useful in breeding for 
specific traits of interest in crop improvement including growth, vigor and yield 
enhancement for commercial production.  
3.2 Introduction 
Rice (Oryza sativa L.) is an important food crop that feeds more than half of the 
world population. It is consumed as a staple food in the rice-producing areas of Asia, 
Africa and South America where people are getting their main energy requirements from 
rice and its derivative products. Rice is being grown in almost all kinds of weather 
conditions in more than 100 countries, on an estimated area of about 163 million ha with 
481 million metric tons of production but this production is still not good enough to feed 
the rapidly increasing population and needs to be improved by another 38% within the 
next 25-30 years (Surridge, 2004; Joseph et al. 2010).  
As the global population is increasing rapidly and projected to reach up to 10 
billion before 2100 (United Nation 2011) therefore, rice production needs to be enhanced 
quantitatively as well as improved qualitatively to meet the demands of the rising 
population of the 21st century to ensure global food safety. Although, in the 1950s and 
late 1960s research and technology transfer initiatives (green revolution) markedly 
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increased worldwide agricultural production, particularly in the developing world by 
developing improved rice verities and hybrids with improved quality and increased 
production but this increase in production is still not enough for the increasing population 
of the 21st century.  
Global rice production essentially increases up to 800 million metrics of rice to 
meet expected demand in 2025, which is 318 million metrics more than rice production 
in 2017. Ray et al. (2013) stated globe’s agrarian production of four crucial crops 
including rice might need to be increased by 60-110% to encounter increasing demands 
and provide food security of the rapidly increasing population. Mean yield of 9 Mg ha-1 
is very close to the predestined climate-adjusted yield potential of current rice cultivars in 
the main rice-growing areas around the world (Matthews et al. 1995). In the United 
States, rice is mainly grown in two distinct regions including US Mid-south and the 
Sacramento Valley in California. These two U.S. rice production regions have established 
different germplasm pools to address biotic and abiotic issues (McKenzie et al. 2014). 
There are several problems limiting the increase in rice production including biotic and 
abiotic factors. Global climate change is causing a key part of low crop yield due to the 
increased natural disasters mostly abiotic stresses (Du et al. 2015) (flooding, drought, 
salinity etc., along with some other aspects including insect pests and diseases, poor 
quality seeds, low yielding cultivars, poor management practices etc.  
Morphological yield associated traits have been frequently used as a criterion to 
evaluate phenotypic variability and yield enhancement. For example, rice grain yield is 
an intricate trait and is positively correlated with most of the quantitative yield-associated 
traits including plant height, number of tillers, number of spikelets, number of panicles, 
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grain weight, and filled grains (Mohammadi et al. 2009; Xing and Zhang, 2010; Yoshida 
1983). Similarly, total number of tillers per plant and days to panicle initiation 
(Amirthadevarathinam, 1983), the number of panicles per plant, spikelet number per 
panicle, grains per panicle and 1000-grain weight have been found to have direct 
influence on enhancing grain yield per plant which in turn enhances the total grain yield 
of the crop (Yang, 1986; Kumar, 1992; Ram, 1992; Sundaram and Palanisamy, 1994; 
Mehetre et al. 1994; Samonte et al. 1998; Sürek et al. 1998). However, there are limited 
studies on the role of physiological parameters for enhancing grain yield of rice cultivars. 
Some of the major physiological parameters that have previously been considered as 
selection tools for most of the abiotic stresses for crop survival and yield enhancement 
includes photosynthesis, chlorophyll fluorescence, and air-canopy temperature 
differential, cellular membrane integrity (Sullivan, 1972) and specific leaf area (Murata, 
1975).  
Phenotypic variability of any crop is reliant on the genetic variability existing 
among the cultivars and is crucial for the evaluation and characterization of genetic 
variation at DNA or molecular level. Genetic variability among the cultivars can be 
assessed by measuring the morphological and physiological differences of economically 
important quantitative parameters. Morpho-physiological and phenotypic assessment is 
the ultimate response of variability on which high yielding cultivars can be selected for 
breeding programs for the traits of interests. 
Although, genetic diversity in rice is relatively wider, but the exploitation of the 
genotypic variability present among the genotypes is more critical in a screen for high 
yielding rice cultivars, identification of yield-enhancing traits, entire input requirements 
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and management practices (Dutta et al. 2013; Kishor et al. 2008). Therefore, phenotypic 
and genotypic variability assessment is the primary major requirement for a successful 
breeding program. Genetic variability present within the cultivars could be exploited in 
the breeding programs to improve plant growth and vigor and to produce high yielding 
varieties (Padulosi, 1993) by maximizing the yield potential in the available rice cultivars 
(Setter et al. 1995) or at least increase the average farm yield of rice producers to enhance 
yield.  
Vigor indices is a reliable method of assessing the growth rate and development 
of cultivars under fluctuating environmental conditions (Powell and Matthews, 2005) 
which is very critical for crops when competing for limited resources of water, light, air, 
etc. Vigorous plants usually possess the additional ability to survive successfully under 
limited resources and stressful environmental conditions, influencing stand establishment 
and grain yield. Combined vigor response index (CVRI) can be used in breeding 
programs to understand better, examine and compare the relationship among the growth 
and developmental, physiological and yield-related traits of rice genotypes/breeding lines 
grown under sunlit conditions.   
The objectives of this study were (1) to assess morpho-physiological traits at 
vegetative and reproductive (grain filling and maturity) (2) evaluate phenotypic diversity 
and identify significant traits in relation to yield enhancement of 74 rice breeding lines 
(3) develop a method to assess vigor variability among the selected rice genotypes, and 
(4) classify and rank rice breeding lines based on response indices at reproductive stages. 
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3.3 Materials and Method 
3.3.1 Germplasm, Experimental Setup and Growth Conditions 
Plant material comprised of 74 rice breeding lines (mainly Indica species except 
two local cultivars from Mid-South US for comparison) were ordered from International 
Rice Research Institute (IRRI). An experiment was conducted at the Environmental Plant 
Physiology Laboratory, Mississippi State University, Mississippi State (lat. 33° 28´ N, 
long. 88° 47´ W) in summer 2016 and 2017 each, arranged in a randomized complete 
block design (RCBD) with five replications and 74 rice breeding lines. A total of 370 
PVC pots (5 pots per genotype) with dimensions of 6” diameter by 24” high was filled 
with pure sand as soil medium and arranged in the natural sunlight for sowing. Initially, 
six seeds were sown per pot for each genotype, which was thinned to one seedling per pot 
for each genotype one week after emergence (12 days after sowing, DAS). A drip 
irrigation system was installed to irrigate the experiment with fresh water until seedling 
emergence; once seedlings emerged, they were irrigated with Hoagland Nutrition 
Solution three times daily: - (1) 8:00 am, (2) 12:00 pm, and (3) 5:00 pm to avoid any 
nutrient deficiency. 
3.3.2 Agro-morphological Traits  
Agro-morphological traits included major growth and developmental traits like 
tillers number (TN, no. plant-1) and plant height (PH, cm plant-1) were measured before 
flowering (BF) at vegetative stage (50-60 days after sowing), and after flowering (AF) at 
grain filling stage (100-110 DAS). Days to 50% emergence (50% E) were recorded for 
each genotype when more than three seeds emerged from the soil surface out the total six 
seeds grown per pot. For shoot dry weight (SHW, g plant-1), plants were harvested and 
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stored in a dryer at 70°C for at least 72 hrs or until completely dried and dry wights were 
recorded for each genotype using electric weighing balance. 
3.3.3 Physiological Traits (Gas Exchange Parameters) 
Physiological traits including net photosynthesis (Pn, µmol m-2 s-1), stomatal 
conductance (Cond, mol m-2 s-1), leaf transpiration rate (Tr, , mmol H2O m
-2 s-1 ), water 
use efficiency (WUE, mmol CO2 mol
-1 H2O), chlorophyll florescence (Fv'/Fm') and 
electron transport rate (ETR, µmol m-2 s-1) (Table 2)  were measured using LI-6400 
portable photosynthesis system (LI-COR Inc., Lincoln, Nebraska, USA). A freshly 
expanded penultimate leaf from each plant was used for taking physiological 
measurements by using LI-6400. Before taking measurements, the instrument (LI-6400) 
was set to for photosynthetic photon flux density (PPFD) (1500 µmol m-2 s -1) based on 
640-02 LED light source, temperature (30°C) and CO2 concentration (350 ambient CO2 
level in the greenhouses); whereas leaf water use efficiency was calculated as the ratio of 
photosynthesis (Pn) to transpiration rate (Tr) per plant. 
3.3.4 Leaf total Chlorophyll Contents and Carotenoids 
Chlorophyll contents and carotenoids were measured for all the genotypes by 
taking the fresh penultimate leaves at the vegetative growth stage (50-60 DAS) of the 
individual plants from all five replications. Five leaf discs (2.0 cm2 each) were carefully 
attained from mid-blade of the fresh leaf without including mid-vein and set in a vial (5-
ml) with 5-ml dimethyl sulphoxide (DMSO).  The vials were then incubated in a dark 
chamber at room temperature for 24 h to affluence the complete extraction of chlorophyll 
into the solution. Bio-Rad ultraviolet/VIS spectrophotometer (Bio-Rad Laboratories, 
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Hercules, CA) was used to measure the absorbance of extracts in the polypropylene 
microtiter plates and estimate the concentrations of carotenoid contents and total 
chlorophyll (chla+b) as described by Chapple et al. (1992). The absorbance values at 470, 
648 and 663 nm were used to calculate the concentrations of total chlorophyll contents 
and carotenoids using the equations described by Lichtenthaler (1987).   
3.3.5 Membrane Thermal Stability (MTS) and Relative Injury (RI): 
Five Fresh and fully expanded random leaves were cut from all rice genotypes in 
each replication at vegetative stage and analyzed for MTS assay using the procedure 
described by Martineau et al. (1979. Each leaf was divided into two parts and five discs 
(1.3 cm2 diameter) to be used as control and heat-treatment. The halved leaf samples 
were then placed into two separate test tubes containing 10ml de-ionized water and were 
held in a refrigerator at 10 °C for 24 hrs. Afterward, all samples were thoroughly rinsed 
with de-ionized water and shielded with aluminum foil to avoid evaporation. The heat-
treatment set was exposed to hot water (55 °C) in a water bath for 20 minutes whereas the 
control set was kept at room temperature (25 °C). Both control and heat-treated sets of 
samples were incubated in a refrigerator at 10 °C for 24 h to stabilize the contents of 
liquid compounds after the treatment period. Conductivity readings were taken for both 
control and heat-treatment at room temperature using an electrical conductivity meter 
(Corning Checkmate II; Corning Inc., Corning, NY). The two sets of samples were 
autoclaved again for 12 min at 0.1 MPa to release all electrolytes and eradicate tissues 
and then measured again for MTS. 
The MTS was estimated using the following Equation [3.1]. 
                                                                                                                                
 
48 
                                                                                                                                 [Eq. 3.1]       
 
The relative injury (RI) was calculated using the following Equation [2] 
                                                      RI = 100 - CMT   x100                                      [Eq. 3.2]                                                                     
3.3.6 Yield-related Parameters 
Several yield-related traits were measured including days to panicle initiation 
(PI), panicle length plant-1 (PL), spikelet numbers panicle-1 (SPN), number of grains 
panicle-1 (GN), grain weight panicle-1 (GW), filled and unfilled grain percentage (GF) 
and total grain yield plant-1(GY). PI refers to the number of days from sowing to the first 
panicle emergence in each plant. Panicle length (PL, cm plant-1) was manually measured 
using a ruler as the distance (cm) from the base of the panicle neck node to the tip of the 
last spikelet of the same panicle. Five panicles were collected from each rice plant as 
representative samples, labeled and air-dried in the laboratory for approximately two 
weeks to measure SPN, GN, and GW. 
Total grain yield (GY, g plant-1), was measured as the sum of the entire grains 
from all the individual plants of the same genotype in five replications, whereas percent 
filled grains per plant (FG, %) was measured after separating the filled grains from the 
unfilled grain in all genotypes. For shoot dry weight (SHW, g plant-1), leaves and stems 
of individual plants were harvested, dried and weighted. 
3.3.7 Individual Vigor and Additive Response Indices 
The individual response index (IRI) was determined as the ratio between the value 
of each rice genotype (Vx) and the maximum value (Vm) among the 74 rice genotypes 
100
CEC2)CEC1(1
TEC2)TEC1(1
(%)CMT 



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Eq. 4. 
                                                             IRI =  Vx/Vm                                             [Eq. 3.4] 
For the additive response indices (ARI), all the individual indices of response 
traits for each rice genotypes at vegetative, grain filling stages, and final harvest were 
summed (Eq. 5).  
ARI = (
PHx
PHm
)  +  (
TNx
TNm
) +  (
DEx
DEm
)  +  (
RIx
RIm
)  +  (
Chlx
Chlm
) +  (
Carox
Carom
) +  (
Pnx
Pnm
) +
 (
Condx
Condm
)  +  (
Trx
Trm
)  +  (
WUEx
WUEm
) +  (
Fv/Fm x
Fv/Fm m
) + (
ETRx
ETRm
) + (
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SHWm
) +  (
PIx
PIm
)  +
 (
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PLm
)  +  (
SPNx
SPNm
) +  (
GFx
GFm
) +  (
GYx
GYm
) +  (
GNx
GNm
) +  (
GWx
GWm
)        
                    [Eq. 3.5] 
The additive response indices and standard deviation were then used to classify 
the 74 rice genotypes into different categories including low (min + 1SD), moderately 
low (min ARI + 2SD), moderately high (min ARI + 3SD) and high (min CVRI + SD) 
response groups.  
3.3.8 Statistical Analysis 
Standard statistical protocols, ANOVA using general linear model “PROC GLM” 
procedure in SAS software (SAS Institute, Inc., Cary, NC), were used to test the 
significance among the 74 rice genotypes for the morpho-physiological and yield-related 
traits. Means were calculated using Least Significant Difference (LSD; P ≥ 0.05). Graphs 
for the relationship between morpho-physiological and yield-related traits were plotted 
using Sigma Plot 13 (Systat Software Inc., San Jose, CA). 
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3.4 Results and Discussion: 
A wide range of variation was observed among the 74 rice (Oryza sativa L.) 
genotypes for all the morpho-physiological and yield-related traits measured during 
vegetative growth and maturity stages. Genotypes varied significantly at (P ≤ 0.001), (P 
≤ 0.01), and (P ≤ 0.05)  for most of the traits measured, which implies that there is a vast 
phenotypic and genetic variability among genotypes for potential exploitation and 
manipulation through breeding. Plant growth and development is an extremely difficult 
physiological and biochemical process that includes the phases of seed germination, 
seedling development, young panicle formation, heading, flowering, pollination, 
fertilization, seed maturity, and aging. Each phase involves different metabolic changes 
and is affected by biotic and abiotic factors. Analysis of variance (ANOVA) results 
showed that except relative injury, all other studied morpho-physiological traits including 
tiller number, plant height, air -canopy temperature, total chlorophyll contents, carotene 
contents, net photosynthesis, stomatal conductance, transpiration, water use efficiency, 
electron transport rate and shoot dry weight differed significantly among 74 rice 
genotypes at high levels of probability (P ≤ 0.001), (P ≤ 0.01), and (P ≤ 0.05) (Table 3.1). 
Similarly, all the yield-related traits including days to panicle initiation, panicle length, 
spikelets panicle-1, grain number panicle-1, grain weight panicle-1, total grain yield, filled 
and unfilled grains showed highly significant differences among the 74 rice genotypes at 
P ≤ 0.001 level ( (Table 3.1). 
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Table 3.1 Analysis of variance for morpho-physiological and yield-related traits measured at vegetative and reproductive stages. 
                                                                                   Sources of variance 
    Growth and Developmental Traits           Symbols Year 2016 Year 2017 Cultivars Year Cul x Year 
Days to 50% emergence                                    (DE) *** *** *** NS NS 
Plant height, cm plant-1                                                          (PH) *** *** *** *** *** 
Tiller number, no. plant-1                                                     (TN) *** *** *** *** *** 
Shoot dry weight, g plant-1                                (SHW) *** *** *** NS NS 
     Leaf Gas Exchange Traits 
Relative injury, %                                              (RI) NS NS NS NS NS 
Total chlorophyll, µg cm-2                                                  (Chl) ** *** *** NS NS 
Carotenes, µg cm-2                                                                    (Caro) ** ** *** NS NS 
     Physiological Traits 
Net photosynthesis, µmol m-2 s-1                                  (Pn) *** *** *** NS NS 
Stomata conductance, mol m-2 s-1                                (Cond) *** *** *** NS NS 
Transpiration rate, Tr, mmol H2O m-2 s-1               (Tr) *** *** *** NS NS 
Water use efficiency, mmol CO2 mol-1 H2O    (WUE) *** *** *** NS NS 
Fluorescence                                                    (Fv/Fm) *** *** *** NS NS 
Electron transport rate, µmol m-2 s-1                        (ETR) *** *** *** NS NS 
    Yield-related Traits 
Panicle initiation day                                       (PI) *** *** *** *** ** 
Grain yield, g plant-1                                                             (GY) *** *** ** NS NS 
Filled Grain %                                                 (FG), *** *** *** * NS 
Panicle length, cm plant-1                                (PL) *** *** *** NS *** 
Spiklet number per panicle                              (SPN) * *** *** NS NS 
Grains per panicle, no. panicle-1                     (GN)    *** *** *** NS NS 
Grain weight, g panicle-1                                (GW) *** *** *** NS NS 
† *, **, *** represent significant differences at the 0.05, 0.01, and 0.001 P level, respectively. † NS represents nonsignificant 
differences at the 0.05 P level. 
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3.4.1 Vegetative Morphometry 
The major growth and developmental traits including tiler number (TN), plant 
height (PH), and shoot dry weight (SDW) displayed great variability. The analysis of 
variance for growth and developmental traits revealed significant differences at (P ≤ 
0.001), (P ≤ 0.01), and (P ≤ 0.05) among the 74 rice genotypes for all the traits in both 
years (2016 and 2017) separately. Results were combined to see the year and cultivar X 
year interaction effect on the growth and developmental traits, and it was found that year 
had significant effect on plant height (PH) and tiller number (TN) both before flowering 
(50-60 DAS) and after flowering (105-115 DAS) however, no significant differences 
were found in the number of days to 50% emergence (DE) and shoot dry weight (SHW) 
due to year and cultivar X year interaction (Table 3.1). 
The average PH (85.89 cm) was better in the second year (2017) as compared to 
average PH (73.54 cm) in the first year (2016) (Table 2); and the lowest and highest PH 
was observed in genotypes (CT18593) and (IRRRI 152) in both years respectively. 
However, about 58% of the genotypes showed lower plant height than the general 
average (85.89 cm) in the second year whereas 55.4 % of the genotype showed lower PH 
than the overall average of (73.54 cm) in the first year. 
Similarly, more TN (55 on average) were observed during the second ranging 
from (14 tillers) in genotype (IR09L179) to (93 tillers) in genotype (IR04A115) as 
compared to the first year with an average of 54 tillers per plant; the lowest (13 tillers) 
and highest number tillers (94) were found in genotypes (IR09L179 ) and (IR04A115) 
respectively in both years (Table 3.2). However, 55.4% of the genotypes showed less 
number of tillers than the overall average (55 tillers per plant) in the second year, and 50 
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% of the genotype showed less number of tillers than the overall average of (54 tillers per 
plant) in the first year.   
The average number of days to 50% emergence (when three seeds emerged out of 
six) for genotypes was ten days after sowing, ranging from 8-12 days after sowing. 
Emergence could be a useful trait in screening for vigorous and productive genotypes for 
breeding based on the objectives of interest, and also to estimate the sources they need 
including water, light, etc. Most of the rice genotypes usually germinate with in a week. 
However, the rate of germination could be effected by different factors including soil 
medium and weather conditions. Shoot dry weights were also significantly different 
among the genotypes but year and cultivar X year interaction had no significant effect on 
the shoot dry weights. The average SDW was recorded as 191.07 grams with the highest 
(377.85 g) and lowest (65.51 g) SDW observed in the genotypes (IRRI 152) and 
(IR09L179) respectively (Table 3.2).  
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Table 3.2 Growth and developmental traits of 74 rice genotypes. Each value 
represents the mean of 5 replications and two years. 
S. N Genotypes DE TN (Y1) TN (Y2) PH (Y1) PH (Y2) SHW 
1 12DS-15 9 45 45 71.20 80.20 147.42 
2 12DS-25 9 56 56 86.60 93.40 220.01 
3 75-1-127 10 40 40 64.80 82.00 166.65 
4 Apo 10 56 56 71.30 82.10 167.46 
5 BR47 10 70 70 77.60 92.80 260.49 
6 COL XXI 10 52 52 72.40 85.60 173.76 
7 CT18233 10 36 36 77.40 90.20 139.79 
8 CT18237 10 46 46 70.80 86.00 180.70 
9 CT18244 9 52 52 69.40 85.60 205.08 
10 CT18245 10 53 53 78.60 88.20 202.44 
11 CT18247 10 44 44 74.80 87.40 165.32 
12 CT18372 9 58 58 61.20 80.00 171.83 
13 CT18593 10 53 53 48.30 49.92 182.12 
14 CT18614 11 64 64 70.00 84.80 191.73 
15 CT18615 10 52 60 83.60 95.40 186.66 
16 CT19561 10 53 57 63.20 75.80 136.96 
17 CT6510 11 72 72 65.40 77.20 227.28 
18 CT6946 11 40 40 74.00 85.80 155.76 
19 FED 2000 10 78 78 90.20 108.00 256.44 
20 FEDE 21 9 61 61 84.80 97.40 238.98 
21 FED 473 10 52 52 75.20 87.80 173.76 
22 
FED 
CARE 
9 64 64 79.20 91.60 188.25 
23 HHZ 12 10 54 54 85.20 99.80 197.30 
24 HHZ 1 10 45 45 75.60 83.60 141.60 
25 IR04A115 9 109 92 67.80 83.60 268.22 
26 IR05F102 9 74 74 74.80 83.40 279.45 
27 IR05N412 10 49 49 62.00 71.00 152.80 
28 IR06N155 10 93 93 69.00 84.60 362.30 
29 IR07F102 10 45 45 99.80 108.40 212.17 
30 IR07F287 11 74 74 64.40 79.80 139.37 
31 IR07K142 11 72 72 64.40 76.60 149.45 
32 IR08A172 12 66 66 66.20 82.20 117.55 
33 IR08N136 12 62 62 65.80 82.40 142.48 
34 IR09A130 12 66 66 70.20 81.60 140.49 
35 IR09F436 11 21 21 63.40 77.60 87.07 
36 IR09L179 12 13 14 52.60 68.60 65.51 
37 IR09L324 11 76 76 60.00 79.40 149.95 
38 IR09L337 11 72 72 67.80 82.00 139.68 
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39 IR09N537 11 67 67 69.40 80.80 176.89 
40 IR10A134 11 17 17 69.60 82.60 87.41 
41 IR10N230 10 44 44 69.00 79.40 154.08 
42 IR49830 12 18 18 60.80 74.20 79.50 
43 IR6-PAK 9 33 33 77.80 91.20 131.79 
44 IR64-NIL 10 71 71 79.20 92.00 228.54 
45 IR65482 9 47 47 76.00 91.60 203.04 
46 IR65600 10 40 40 66.00 78.60 172.92 
47 IR70213 11 70 70 74.00 89.00 278.27 
48 IR74371 10 63 63 63.00 80.20 225.09 
49 IR75483 10 58 58 74.00 87.40 255.47 
50 IR78049 11 34 34 70.20 84.00 128.82 
51 IR78221 11 47 47 71.60 88.00 181.50 
52 IR78222 10 53 53 80.80 94.80 215.11 
53 IR85411 8 85 85 55.60 87.40 256.50 
54 IR85422 10 33 33 68.10 79.20 98.56 
55 IR85427 8 56 56 104.60 121.20 308.36 
56 IR86052 11 49 49 80.20 91.40 186.23 
57 IR86126 9 58 58 96.80 105.60 244.95 
58 IR86174 10 53 53 72.20 85.00 153.87 
59 IR86174 9 46 46 87.80 98.20 159.28 
60 IR86174 10 30 30 72.60 84.80 105.48 
61 IR86635 9 43 43 69.40 79.30 226.03 
62 IR88633 10 80 80 68.20 85.54 255.74 
63 IR93323 11 39 39 90.00 96.00 161.40 
64 IR93324 10 66 66 80.20 63.56 366.50 
65 IRRI 123 12 64 64 64.80 66.82 217.34 
66 IRRI 152 11 70 70 106.20 123.34 368.36 
67 IRRI 154 9 71 71 68.20 78.80 197.32 
68 IRRI 157 10 77 81 83.60 79.40 377.85 
69 MIL 240 10 46 46 77.60 90.00 156.01 
70 MTU1010 10 69 71 74.60 88.14 274.33 
71 
PALMAR 
18 
10 72 72 78.80 86.80 213.44 
72 
WAB 56-
125 
11 45 51 85.20 101.80 201.18 
73 Thad 10 19 19 64.60 75.80 100.81 
74 Rex 11 16 19 72.60 82.00 106.70 
 Ave 10 54 55 73.54 85.89 191.07 
 Max 12 109 93 106.20 123.34 377.85 
 Min 8 13 14 48.30 49.92 65.51 
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Differences in shoot dry weights were expected as the shoot dry weight is directly 
related to other growth and developmental traits including PH nad TN. Therefore, the 
highest SDW was observed in the genotype (IRRI 152) which showed the highest plant 
height and the lowest SDW was observed in the genotype (IR09L179) which produced 
the least number tillers among all the genotypes. Since similar environmental conditions 
were provided in both years, the differences in growth and developmental traits, 
particularly PH and TN, maybe assumed to be due to the genetic variability among the 
genotypes which could be exploited more in breeding programs to screen for high 
yielding cultivars. 
Plant height, tillers number, primary leaf length, and other growth and 
developmental parameters at a given growth stage are heritable and stable varietal traits 
and have been used for evaluating rice genotypes (Shibuya and Oka, 1994). 
Taller plants have more potential of competing with weeds than short stature 
plants and grain yield increases quadratically with increasing plant height (Fageria et al. 
2004). However, a small increase in grain yield has been related to reduced plant height 
(Evans et al. 1984). Similarly, tillers number are crucial under biotic and abiotic stresses 
due to compensation processes because high tillering capacity is associated with the 
maximum use of space and resources. Tillers number also has an immense effect on the 
total grain yield, particularly, genotypes with a higher number of effective tillers per plant 
produce higher grain yield in rice ( Dutta et al. 2013). 
3.4.2 Yield-related Traits: 
Analysis of variance (ANOVA) for yield-related traits (Table 3.1) revealed 
significant differences at (P ≤ 0.001), (P ≤ 0.01), and (P ≤ 0.05) levels among the 74 rice 
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genotypes for the traits including days to panicle initiation (PI), panicle length, number 
spikelets panicle-1, number of grain number panicle-1, grain weight panicle-1, total grain 
yield plant-1 and filled and unfilled grains. No significant differences were observed for 
most of the yield traits due to year and cultivar X year interaction except PI and GY 
which were significantly different between the two years. Filled grain (FG) was slightly 
affected by the year whereas significant cultivar X year interaction was found for panicle 
length per plant (PL). 
The number of days to panicle initiation ranged from 86 days after sowing (DAS) 
to 161 DAS, with an overall average of 122 DAS. Thirteen genotypes were identified as 
early maturing with less than 100 days to panicle initiation (PI), 37 as moderately 
maturing (100-130 PI) and 24 as late maturing (more than 130 PI). Genotype (IR49830) 
and (IR86635) were the earliest and latest maturing with 86 and 161 days to flowering 
(Table 3). The studied genotypes showed great variability in terms of time to flowering 
and panicle initiation which is an important trait to differentiate the early maturing 
genotypes from the late maturing genotypes as the early heading lines mature earlier 
(Yaqoob et al. 2012). Genotype (IR49830) with 86 PI was identified as the earliest 
maturing whereas genotype (IR86635) with 161 PI as most late maturing genotype 
among all the 74 rice genotypes in the current study.  
Total grain yield plant-1 was the second most variable trait among the yield-
related traits among the rice genotypes, with an average of 67.64 g plant-1. Genotypes 
(12DS-25) and (IR65600) were identified as the highest and least yielding genotypes, 
with grain yield of (127.45 g plant-1) and (18.80 g plant-1) respectively (Table 3.3). 
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Table 3.3 Means of yield-related traits of 74 rice genotypes measured at reproductive 
growth stage and after final harvest.  
   Yield-related traits     
S. N Genotypes PI GY GF PL SPN GN GW 
1 12DS-15 117.80 82.81 89.29 22.70 10.90 109.25 2.55 
2 12DS-25 118.40 127.45 80.75 26.20 11.40 146.60 3.11 
3 75-1-127 128.50 73.93 80.37 23.25 11.80 132.90 2.59 
4 Apo 119.60 113.81 84.12 27.35 12.65 170.85 2.78 
5 BR47 136.40 38.27 59.77 24.40 12.55 99.35 1.45 
6 COL XXI 139.70 81.59 82.76 27.35 13.85 152.65 2.67 
7 CT18233 132.30 55.43 89.38 23.58 14.80 150.65 3.16 
8 CT18237 124.20 74.58 83.21 27.80 13.40 139.10 3.17 
9 CT18244 124.80 105.07 85.30 25.08 12.37 173.42 3.74 
10 CT18245 125.70 74.44 86.35 26.80 10.55 103.90 2.04 
11 CT18247 95.50 85.53 87.61 24.20 12.40 151.45 2.57 
12 CT18372 140.00 43.30 54.09 22.43 13.15 103.85 1.43 
13 CT18593 156.75 20.11 29.15 24.56 12.76 100.76 1.69 
14 CT18614 136.70 65.74 65.90 27.18 13.40 117.30 2.00 
15 CT18615 122.50 89.41 83.95 27.50 12.35 145.15 2.80 
16 CT19561 127.30 54.83 82.08 23.30 9.65 95.53 1.74 
17 CT6510 154.50 35.61 48.37 17.37 10.15 83.25 0.92 
18 CT6946 132.80 56.36 84.13 25.98 11.95 131.35 2.33 
19 FED 2000 145.70 57.55 60.77 26.35 12.50 112.55 1.65 
20 FEDE 21 129.90 86.64 82.74 24.33 13.55 157.85 2.52 
21 FED 473 122.70 83.22 89.41 23.41 10.35 111.06 2.36 
22 FED CARE 118.50 100.72 88.01 24.60 11.50 124.15 2.46 
23 HHZ 12 127.60 83.93 80.98 24.20 14.00 140.60 2.46 
24 HHZ 1 117.90 59.80 95.55 23.60 12.66 99.30 2.04 
25 IR04A115 141.40 49.92 59.13 25.95 13.05 118.60 1.41 
26 IR05F102 119.80 99.93 77.76 30.13 11.00 126.15 2.47 
27 IR05N412 124.60 72.83 72.38 21.53 11.05 93.10 1.98 
28 IR06N155 147.70 29.86 53.08 23.75 10.15 98.90 0.69 
29 IR07F102 117.00 96.95 84.97 25.30 12.55 152.90 2.65 
30 IR07F287 92.30 124.41 74.15 21.98 11.35 148.90 1.96 
31 IR07K142 89.70 118.72 78.29 19.45 11.90 159.45 2.29 
32 IR08A172 89.60 107.83 81.93 22.30 12.85 199.42 2.79 
33 IR08N136 90.80 90.12 76.10 21.70 11.70 168.85 2.94 
34 IR09A130 97.50 109.39 86.52 21.63 12.00 182.80 2.73 
35 IR09F436 90.10 37.81 77.54 21.30 12.50 141.70 1.96 
36 IR09L179 94.10 29.94 79.58 19.85 10.80 105.00 1.46 
37 IR09L324 91.30 104.57 68.88 18.25 11.50 138.20 2.12 
38 IR09L337 92.40 81.63 63.19 19.43 10.95 114.45 2.02 
39 IR09N537 121.60 102.63 79.21 25.35 11.70 112.05 2.17 
40 IR10A134 95.70 38.88 89.48 23.08 11.65 149.15 2.15 
41 IR10N230 122.30 59.16 74.80 26.03 12.95 141.25 2.70 
42 IR49830 85.60 71.03 86.01 19.38 10.40 113.75 1.76 
43 IR6-PAK 108.80 66.75 78.86 24.60 12.30 177.55 3.25 
44 IR64-NIL 116.30 106.77 78.04 24.30 10.45 128.65 2.55 
45 IR65482 139.50 42.00 52.88 22.97 11.35 116.24 1.94 
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46 IR65600 150.20 18.80 25.16 17.05 8.09 60.12 0.75 
47 IR70213 149.80 30.18 35.81 22.31 10.40 85.44 1.43 
48 IR74371 141.90 22.86 18.38 23.73 10.90 97.97 0.98 
49 IR75483 146.80 38.63 36.81 23.72 11.34 112.34 1.65 
50 IR78049 129.40 49.08 79.39 23.48 14.55 133.80 2.81 
51 IR78221 123.20 80.23 73.00 26.50 12.85 135.45 2.72 
52 IR78222 121.90 68.79 73.84 26.50 13.15 161.70 2.62 
53 IR85411 104.37 73.85 78.82 24.11 12.15 139.50 2.44 
54 IR85422 98.30 55.45 75.78 23.94 10.90 127.40 2.24 
55 IR85427 140.00 58.52 55.67 26.60 11.85 163.00 2.23 
56 IR86052 114.30 70.80 73.57 23.78 12.70 93.76 1.48 
57 IR86126 117.20 67.26 88.43 25.80 11.15 92.07 2.13 
58 IR86174 100.40 88.86 84.98 20.85 21.80 151.10 2.78 
59 IR86174 110.50 78.61 84.61 26.65 13.25 151.25 3.08 
60 IR86174 100.70 42.57 78.88 23.75 11.75 102.70 1.61 
61 IR86635 160.67 19.14 76.88 16.75 9.47 63.79 1.02 
62 IR88633 121.63 71.80 85.52 19.16 10.59 82.41 1.26 
63 IR93323 137.90 71.66 88.40 24.40 12.90 130.25 2.43 
64 IR93324 150.75 36.84 75.46 20.26 10.28 145.76 1.18 
65 IRRI 123 146.98 59.49 73.75 23.36 9.98 145.17 1.13 
66 IRRI 152 130.78 35.70 66.50 24.13 16.15 100.52 0.67 
67 IRRI 154 131.70 72.50 75.75 23.10 11.75 99.55 1.80 
68 IRRI 157 118.88 50.59 51.91 19.99 10.80 98.23 0.94 
69 MIL 240 109.20 65.04 79.37 26.41 11.05 118.55 1.81 
70 MTU1010 119.00 50.11 64.71 21.22 11.35 105.95 1.64 
71 PALMAR 119.20 113.16 80.50 26.43 11.35 127.60 2.60 
72 WAB 56 145.00 27.50 57.85 25.18 12.35 82.70 1.25 
73 Thad 100.40 47.74 66.62 24.75 13.95 147.20 3.05 
74 Rex 101.40 48.40 85.58 20.95 12.75 152.75 2.75 
 Ave 121.71 67.64 73.23 23.60 12.03 126.32 2.12 
 Max 160.67 127.45 95.55 30.13 21.80 199.42 3.74 
 Min 85.60 18.80 18.38 16.75 8.09 60.12 0.67 
 
Each value in the table represents the mean of 5 replications and two years of data pooled 
together. 
 
 
Grain yield depends on the number of yield-related traits including the number of 
productive tillers, number of panicles plant-1 and number of spikelet numbers panicle-1. 
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Genotype (IR65600) produced the least number of panicles and spikelets panicle-1 thus 
had the least total grain yield among all the rice genotypes.   
On average, 73% of the panicles consisted contained filled grains with genotype 
(HHZ1) containing as high as 96% and genotype (IR74371) as low as 18% filled grains. 
Grain filled and unfilled trait was significantly affected by the year; more filed grains 
were observed in the first year with an average of 75% of the grains consisted of filled 
grains as compared to the second year with an average of 72% filled grains, thus 
decreased the total grain yield by 3 % with in the second year.  
The increase of unfilled grains in the second year was most probably because of 
the unexpected cold and windy weather at the time of flowering. Similarly, the average 
panicle length, number of spikelet panicle-1, number of grain panicle-1 and grain weight 
panicle-1 were 23.6 cm, 12, 126 and 2.12 g respectively (Table 3.3). A number of panicles 
plant-1 and number of spikelet numbers panicle-1 can paly an important role to increase or 
decrease the total grain yield; genotype (IR65600) produced the least number of panicles 
and spikelets panicle-1 thus, had the least total grain yield among all the rice genotypes.   
3.4.3 Leaf Gas Exchange and Physiological traits 
Analysis of variance (ANOVA) results (Table 3.1) revealed significant 
differences at probability levels (P ≤ 0.001), (P ≤ 0.01), and (P ≤ 0.05) among the 74 rice 
genotypes for leaf gas exchange traits including net photosynthesis, stomatal 
conductance, leaf transpiration rate, water use efficiency, fluorescence and electron 
transport rate; and other physiological traits including total chlorophyll contents, and 
carotene contents except relative injury, which was non-significant among the genotypes. 
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No significant differences were observed for any of the leaf gas exchange and other 
physiological traits due to year and cultivar X year interaction. 
Among the leaf gas exchange traits, the average net photosynthesis was measured 
as 29.89 µmol m-2 s-1, and the highest and lowest net photosynthesis recorded was 36.76 
µmol m-2 s-1 and 20.80 µmol m-2 s-1 in genotypes (IR08N136) and (IR09L179) 
respectively (Table 3.4). 
  
 
62 
Table 3.4 Leaf gas exchange traits of 74 tropical indica rice genotypes. Each value is 
the mean of 5 replications and two years pooled data. 
S. N Genotypes Pn Cond Tr WUE Fv'/Fm' ETR 
1 12DS-15 27.60 1.33 11.69 2.43 0.53 149.02 
2 12DS-25 28.52 1.51 10.44 2.61 0.52 140.15 
3 75-1-127 28.52 1.38 11.88 2.45 0.53 163.46 
4 Apo 28.68 1.28 11.76 2.46 0.55 148.32 
5 BR47 34.90 1.14 12.88 2.72 0.53 143.60 
6 COL XXI 32.04 1.38 12.62 2.56 0.53 162.33 
7 CT18233 34.22 1.80 13.28 2.58 0.50 169.25 
8 CT18237 32.58 1.51 12.02 2.76 0.54 170.86 
9 CT18244 30.64 1.25 11.83 2.68 0.57 147.48 
10 CT18245 31.86 1.11 11.85 2.76 0.49 168.91 
11 CT18247 34.60 1.36 12.04 2.89 0.86 226.18 
12 CT18372 29.28 0.94 10.27 2.86 0.47 154.23 
13 CT18593 29.62 0.94 10.89 2.72 0.49 150.63 
14 CT18614 24.06 0.78 9.89 2.43 0.51 160.55 
15 CT18615 27.60 1.15 10.85 2.59 0.51 168.10 
16 CT19561 30.54 0.94 11.27 2.64 0.42 137.70 
17 CT6510 29.44 1.14 11.47 2.56 0.54 147.28 
18 CT6946 29.06 1.21 11.92 2.46 0.51 173.45 
19 FED 2000 33.88 1.46 12.48 2.74 0.54 168.40 
20 FEDE 21 28.42 0.87 10.20 2.82 0.54 159.12 
21 FED 473 34.86 1.39 11.49 3.09 0.51 146.08 
22 FED CARE 30.20 1.33 10.70 2.86 0.51 172.08 
23 HHZ 12 30.52 1.09 11.37 2.69 0.47 151.38 
24 HHZ 1 28.58 1.34 11.28 2.59 0.54 132.80 
25 IR04A115 30.68 1.13 11.26 2.80 0.52 143.10 
26 IR05F102 23.82 0.59 9.31 2.62 0.59 133.53 
27 IR05N412 29.76 1.41 11.83 2.55 0.53 144.65 
28 IR06N155 29.32 0.89 10.26 2.67 0.56 188.53 
29 IR07F102 28.66 1.12 10.55 2.75 0.50 162.97 
30 IR07F287 29.04 1.01 11.67 2.64 0.51 143.44 
31 IR07K142 29.86 1.12 10.23 2.89 0.51 167.95 
32 IR08A172 35.60 1.45 13.23 2.81 0.53 138.07 
33 IR08N136 36.76 1.74 10.98 3.37 0.57 168.69 
34 IR09A130 32.48 1.16 12.55 2.62 0.53 150.17 
35 IR09F436 29.44 1.22 11.70 2.53 0.53 177.87 
36 IR09L179 20.80 0.91 9.81 2.19 0.52 133.92 
37 IR09L324 30.04 0.91 10.41 2.94 0.50 155.38 
38 IR09L337 36.04 1.39 11.91 3.17 0.50 144.02 
39 IR09N537 29.02 1.22 10.89 2.81 0.54 170.20 
40 IR10A134 27.56 1.22 11.54 2.52 0.52 167.44 
41 IR10N230 34.98 2.01 12.23 2.94 0.50 181.58 
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42 IR49830 27.96 1.21 12.05 2.33 0.59 152.34 
43 IR6-PAK 30.12 1.11 11.52 2.75 0.54 160.11 
44 IR64-NIL 30.16 1.28 11.15 2.82 0.53 150.83 
45 IR65482 35.32 1.51 12.26 2.93 0.50 151.89 
46 IR65600 35.04 1.77 12.31 2.92 0.55 154.65 
47 IR70213 30.46 1.25 12.08 2.53 0.45 142.95 
48 IR74371 35.16 1.31 12.20 2.91 0.52 143.93 
49 IR75483 31.98 1.47 12.66 2.53 0.48 179.43 
50 IR78049 27.16 1.33 12.50 2.22 0.51 172.59 
51 IR78221 35.50 1.67 13.76 2.57 0.47 162.65 
52 IR78222 34.50 1.14 11.73 2.98 0.50 139.70 
53 IR85411 27.42 1.00 10.34 2.76 0.54 157.44 
54 IR85422 27.68 1.23 11.33 2.45 0.52 159.99 
55 IR85427 22.78 0.74 9.60 2.51 0.54 141.49 
56 IR86052 27.06 0.84 10.43 2.59 0.52 158.44 
57 IR86126 29.46 0.83 11.11 2.74 0.53 159.62 
58 IR86174 32.14 1.21 11.10 2.96 0.51 177.96 
59 IR86174 23.72 0.75 9.19 2.60 0.52 161.98 
60 IR86174 26.30 1.04 10.58 2.52 0.51 166.01 
61 IR86635 24.34 1.17 9.74 2.56 0.50 141.06 
62 IR88633 27.94 0.83 11.27 2.57 0.48 126.75 
63 IR93323 32.12 1.39 12.09 2.70 0.54 164.70 
64 IR93324 24.86 1.06 10.17 2.49 0.62 143.43 
65 IRRI 123 29.94 1.50 12.10 2.53 0.54 159.81 
66 IRRI 152 26.52 0.93 9.20 2.95 0.53 181.71 
67 IRRI 154 28.46 1.13 10.83 2.62 0.52 178.03 
68 IRRI 157 25.40 0.85 9.89 2.76 0.52 154.75 
69 MIL 240 26.98 0.75 10.14 2.67 0.51 138.02 
70 MTU1010 27.50 0.75 10.24 2.72 0.46 144.62 
71 PALMAR 27.02 1.32 11.59 2.44 0.53 163.12 
72 WAB 56 33.08 1.33 12.24 2.71 0.51 167.97 
73 Thad 30.60 1.32 12.18 2.54 0.48 156.87 
74 Rex 33.42 1.42 13.00 2.58 0.53 153.25 
 Ave 29.89 1.20 11.34 2.68 0.52 157.45 
 Max 36.76 2.01 13.76 3.37 0.86 226.18 
 Min 20.80 0.59 9.19 2.19 0.42 126.75 
Leaf gas exchange traits included net photosynthesis (Pn, µmol m-2 s-1), stomatal 
conductance (Cond, mol m-2 s-1), leaf transpiration rate (Tr, mmol H2O m
-2 s-1), water use 
efficiency (WUE, mmol CO2 mol
-1 H2O), quantum efficiency of fluorescence (Fv'/Fm'), 
and electron transport rate (ETR, µmol m-2 s-1) 
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Plants with a high rate of photosynthesis are usually vigorous and may require 
more water for growth and development and enhance yield. Net photosynthesis is, 
directly and indirectly, dependent on number of factors including leaf water availability, 
leaf area, temperature, and wind etc. Water use efficiency refers to the ratio of water used 
in plant metabolism to water loss by plant via transpiration. The highest and least WUE 
was observed in genotypes (IR08N136) and (IR09L179) as 3.37 and 2.19 respectively; 
these two genotypes also showed the highest and lowest rate of net photosynthesis 
respectively. Like Pn, WUE is also important for the growth and development of plants. 
Genotype (IR09L179) with least WUE was less vigorous and produced the number of 
tiller plant-1 with the highest umber of grain panicle-1.  
The average stomatal conductance, leaf transpiration rate, fluorescence, and 
electron transport rate were recorded as 1.2 mol m-2 s-1, 11.34 mmol H2O m
-2 s-1, 0.52, 
and 157.45 µmol m-2 s-1 respectively (Table 4). Since these traits were found similar 
under both years and had no direct or indirect significant effect and interaction on the 
growth and developmental and yield-related traits indicating that they are not critical for 
phenotypic assessment of genotypes. However, genotype (CT18247) showed the lowest 
fluorescence and ETR among all the rice genotypes.  
Among the other physiological traits total chlorophyll and carotenoids were 
significantly different among the genotypes but non-significant for year and cultivar X 
year interaction whereas relative injury (RI%) was found non-significant among all the 
genotypes, year and cultivar X year interaction (Table 3.1). The average relative injury, 
total chlorophyll, and carotenoids were 72.57%, 37.84 µg cm-2 and 5.89 µg cm-2 
respectively (Table 3.5). 
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Table 3.5 Means of relative injury (RI, % plant-1), total chlorophyll (Chl, µg cm-2), 
and carotenoids (Caro, µg cm-2) of 74 rice genotypes. 
S. N Genotypes RI % Chl Caro 
1 12DS-15 72.87 37.20 5.81 
2 12DS-25 75.66 39.26 5.98 
3 75-1-127 71.65 38.60 5.94 
4 Apo 78.15 36.86 5.96 
5 BR47 73.02 47.02 7.62 
6 COL XXI 71.23 43.83 7.08 
7 CT18233 83.00 41.55 5.86 
8 CT18237 65.69 38.37 5.67 
9 CT18244 75.43 42.82 7.41 
10 CT18245 66.81 39.12 6.04 
11 CT18247 75.51 36.28 5.62 
12 CT18372 68.67 33.75 5.23 
13 CT18593 63.97 37.56 5.42 
14 CT18614 66.93 41.15 6.32 
15 CT18615 73.69 32.95 5.13 
16 CT19561 56.88 29.86 4.23 
17 CT6510 75.95 30.83 4.63 
18 CT6946 69.12 37.44 5.97 
19 FED 2000 77.27 34.41 5.01 
20 FEDE 21 73.13 42.61 6.80 
21 FED 473 72.06 35.24 4.93 
22 FED CARE 68.28 39.38 5.55 
23 HHZ 12 68.65 45.77 4.86 
24 HHZ 1 76.60 37.15 5.75 
25 IR04A115 68.20 31.85 4.78 
26 IR05F102 69.76 34.83 5.47 
27 IR05N412 71.93 29.50 4.57 
28 IR06N155 76.79 37.87 5.66 
29 IR07F102 77.14 35.56 5.60 
30 IR07F287 73.98 46.08 7.14 
31 IR07K142 67.29 49.19 8.53 
32 IR08A172 75.53 43.26 6.89 
33 IR08N136 71.33 45.71 7.41 
34 IR09A130 76.60 38.77 6.23 
35 IR09F436 70.47 31.95 5.38 
36 IR09L179 69.63 30.54 4.76 
37 IR09L324 70.52 39.33 6.02 
38 IR09L337 78.14 41.03 6.12 
39 IR09N537 69.12 31.45 4.76 
40 IR10A134 77.98 31.65 5.57 
41 IR10N230 79.34 32.83 5.28 
42 IR49830 71.96 28.35 5.38 
43 IR6-PAK 68.40 36.20 6.00 
44 IR64-NIL 76.39 36.76 5.95 
45 IR65482 78.21 47.76 7.54 
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46 IR65600 72.54 34.36 5.00 
47 IR70213 76.83 41.42 6.91 
48 IR74371 69.06 49.04 7.71 
49 IR75483 74.32 40.62 6.38 
50 IR78049 75.18 39.88 6.52 
51 IR78221 65.76 45.05 7.04 
52 IR78222 76.99 44.86 6.95 
53 IR85411 68.26 29.94 4.72 
54 IR85422 78.23 37.72 5.31 
55 IR85427 72.12 30.66 5.44 
56 IR86052 61.82 37.94 6.47 
57 IR86126 71.87 34.55 5.31 
58 IR86174 82.25 41.95 5.81 
59 IR86174 71.05 30.74 5.02 
60 IR86174 71.77 30.92 4.83 
61 IR86635 73.94 33.06 5.18 
62 IR88633 76.04 38.83 6.28 
63 IR93323 69.64 30.81 4.67 
64 IR93324 70.90 40.86 6.33 
65 IRRI 123 62.12 35.36 5.57 
66 IRRI 152 71.23 38.16 5.83 
67 IRRI 154 74.68 45.33 6.54 
68 IRRI 157 73.20 45.64 7.12 
69 MIL 240 71.25 36.03 5.62 
70 MTU1010 75.17 37.08 5.62 
71 PALMAR 74.12 33.77 5.67 
72 WAB 56 81.25 40.85 5.88 
73 Thad 73.26 36.61 6.06 
74 Rex 76.48 38.92 6.33 
 Ave 72.57 37.84 5.89 
 Max 83.00 49.19 8.53 
 Min 56.88 28.35 4.23 
Each value is the mean of 5 replications and two years of pooled data. 
 
 
Genotype (CT19561) which had minimum leaf fluorescence also showed least RI 
(58.88 %) and carotenoids (4.23 µg cm-2) among all the rice genotypes, whereas peak 
total chlorophyll and carotenoids were found in genotype (IR07K142) which was the 
earliest maturing genotype with panicle initiation with in 86 DAS. Morphological and 
 
67 
physiological characterization of plants could be used to assess the genetic diversity 
present within the germplasm. Variability in the physiological traits such as leaf 
chlorophyll content (Prasad and Djanaguiraman, 2011), carotenoids and relative injury 
(Zafar et al. 2017) has been previously studied for cultivar characterization. 
According to Fageria et al. (2006), light interception by the leaf area of a plant is 
an important parameter in crops that use physiological traits including net photosynthesis, 
relative injury as a growth model for yield estimation. Similarly, chlorophyll and leaf 
area are crucial in determining the yield (Raj and Tripathi 1999); higher densities of 
chlorophyll per unit leaf area has been observed in thicker leaves which enhances the 
photosynthetic capabilities (Craufurd et al. 1999) of plants resulting in the vigorous and 
productive crop.  
3.4.4 Variability Assessment Based on Yield, Physiological and Vigor Responses 
Individual response indices were calculated for vigor (growth and developmental 
traits), physiological and yield-related traits for all the genotypes and compared for their 
importance and contribution in characterizing and classifying rice genotypes. Total 
response indices were calculated by adding the individual response indices of growth and 
developmental, physiological and yield-related traits for the two years separately. The 
results (Fig 3.1) showed a similar positive linear correlation with a coefficient of 
determination (R2= 0.94) for both years, suggesting that year has no significant effect on 
the total response of genotypes; therefore, the two years data were pooled for further 
analysis. 
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Figure 3.1 The relationship between vegetative, physiological, yield response indices 
and their additive response index of 74 rice genotypes. 
 
 
Correlations between growth and developmental, physiological and yield-related 
traits with additive response indices are shown in (Fig 2), with the coefficient of 
determination (R2) values which give the percentage of differences of total or additive 
vigor response index described by each independent variable. 
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Figure 3.2  The relationship between vegetative, physiological, yield response indices 
and their additive response index of 74 rice genotypes.     
 
 
An overall high linear positive correlation was observed between the yield-related 
traits (R2 = 0.59) and additive response index (ARI), whereas poor correlations were 
observed between ARI and growth and developmental traits (R2 = 0.21) and 
physiological traits (R2 = 0.28) for the selected rice genotypes (Fig 3.2). The ARI values 
of all the genotypes and their standard deviations were further used to classify rice 
genotypes into four response groups (Table 3.6) including low, moderately low, 
moderately high, and high total response indices.  
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Table 3.6 Classification of rice genotypes for phenotypic variability based on additive 
response indices. 
Low Moderately low Moderately High High 
(34.76-38.75) (38.76-40.52) (40.53-42.40) (42.41-44.51) 
IR09L179 34.76 IR85422 38.76 CT18614 40.53 PALMAR 42.41 
IR86635 37.18 CT6510 38.85 WAB 56 40.55 IR07F102 42.52 
CT18593 37.38 MIL 240 38.95 IRRI 157 40.70 IR10N230 42.55 
IR65600 37.69 IR10A134 39.17 IR06N155 40.73 FED 21 42.60 
IR86174 37.85 MTU1010 39.43 IR75483 40.74 FED CARE 42.61 
IR49830 37.92 IR86052 39.43 IRRI 123 40.81 IR07K142 42.73 
CT19561 38.06 IR85427 39.45 IR09L324 40.82 IR64-NIL 42.79 
IR09F436 38.17 IR05N412 39.51 IR78049 40.86 IR86174 42.89 
CT18372 38.52 Thad 39.56 HHZ 1 40.87 CT18237 43.05 
  IR74371 39.87 CT6946 40.90 Apo 43.08 
  IR88633 39.98 IR85411 40.94 IR78221 43.09 
  Rex 40.19 IR93324 41.01 IR78222 43.10 
  IR86174 40.24 IRRI 152 41.04 COL XXI 43.20 
  12DS-15 40.29 IR6-PAK 41.20 FED 2000 43.21 
  IR70213 40.35 IRRI 154 41.24 CT18233 43.31 
    IR05F102 41.27 CT18247 43.38 
    CT18245 41.31 IR09A130 43.49 
    IR86126 41.37 12DS-25 43.52 
    IR65482 41.37 CT18244 44.04 
    IR04A115 41.41 IR08A172 44.10 
    75-1-127 41.46 IR08N136 44.51 
    IR09L337 41.46   
    IR09N537 41.60   
    HHZ 12 41.70   
    BR47 41.88   
    IR93323 42.03   
    FED 473 42.11   
    IR07F287 42.28   
    CT18615 42.30   
9 15 29 21 
 
 
Most of the genotypes were classified in the category of moderately high (39.2%) 
and high (28.4%) additive response index, while only 12.2 % and 20.3 % were identified 
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as having low and moderately low additive response indices respectively. The total 
additive response index (ARI) values ranged from 16.76 in genotype (IR09L179) 
identified as having the least additive response index to 44.51 in genotype (IR08N136) 
identified as having the highest additive response index among all the rice genotypes in 
the current study. 
These results indicate that yield-related traits are more important for assessing the 
overall phenotypic variability and characterization of genotypes, followed by 
physiological and growth and developmental traits. The degree of correlation among the 
traits is a crucial factor especially in a complex trait such as yield (Akinwale et al. 2011). 
The knowledge about the relationship between growth and developmental, physiological 
and yield-related traits and other contributing characters is desirable for an effective 
selection strategy for the future breeding program. 
3.4.5 Summary 
Overall, the studied rice genotypes exhibited substantial variability for the 
measured growth and developmental, physiological and yield-related traits. Plant height 
and tillers number were crucial among the growth and developmental traits among the 
genotypes. Among the physiological traits, net photosynthesis and water use efficiency 
were more crucial and showed direct relation with total vigor response of the genotypes. 
Among the yield-related traits, high percentage of unfilled grains was the biggest issue 
resulting in an overall low yield in the second year. Total response indices revealed 
stronger positive correlation with yield traits indicating that yield traits are more 
important for assessing the overall phenotypic variability and characterization of 
genotypes than physiological and growth and developmental traits. Most of the 
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germplasm used in the current study was vegetative high vigorous but less productive. 
Most of the genotypes (67.6%) were classified in the category of moderately high and 
high total response indices whereas only 32.4% revealed low or moderately low total 
response indices. The exploited variability and diversity could be useful in breeding for 
specific traits of interest in crop improvement including growth, vigor and yield 
enhancement for commercial production.
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CHAPTER IV 
GENETIC VARIABILITY OF TROPICAL INDICA RICE FOR DROUGHT 
TOLERANCE BASED ON MORPHO-PHYSIOLOGICAL TRAITS 
4.1 Abstract 
Drought stress is one of the most devastating abiotic factors limiting plant growth 
and development in rice growing areas around the world. Devising an efficient and rapid 
screening method at the seedling stage is vital in identifying genotypes best suited for 
limited water conditions. An experiment was conducted to assess 74 rice genotypes, 
mostly from the indica rice subspecies, for drought tolerance using specially designed 
mini-hoop structures to avoid rainfall. Two treatments including a control with 100% 
moisture and a drought treatment with 50% moisture regime were imposed on the rice 
seedlings, one week after emergence. Several shoot morpho-physiological traits were 
measured 37 days after sowing (DAS), and root morphological traits were assessed after 
harvest using the WinRHIZO root image analysis system. Rice genotypes exhibited a 
wide range of variability for the measured traits with leaf area exhibiting the largest 
variation, followed by plant height, tiller number, and shoot dry weight, whereas root 
traits were not affected significantly by drought. Cumulative drought stress response 
indices (CDSRI) were used to classify rice genotypes; 19 genotypes (26%) were 
identified as drought sensitive, and 33 (45%), 15 (20%) and 7 (9%) as were determined 
as low, moderately, and highly drought tolerant, respectively. The genotypes IR86638 
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and IR49830 were identified as the most and least drought tolerant, respectively. Overall, 
a poor correlation was observed between CDSRI and total shoot traits (R2 = 0.36), 
physiological parameters (R2 = 0.10) but a strong linear correlation was found between 
CDSRI and root traits (R2 = 0.81) suggesting that root traits could be more important 
than shoot and physiological traits and thus are the best descriptors in screening for 
drought tolerance. Though the drought tolerant genotypes identified may still need to be 
assessed under field conditions and their tolerance mechanisms determined at the 
molecular level, the information presented may already be useful for rice scientists 
involved in drought tolerance research including breeders who can utilize the most 
tolerant strains in developing drought-tolerant rice cultivars. 
4.2 Introduction 
Rice (Oryza sativa L.) is a major cereal crop feeding more than half of the world’s 
population (Song et al. 2003). It is grown as an annual crop in a diverse range of climatic 
conditions including those in the tropics, subtropics, semiarid tropics, and temperate 
regions worldwide. Rice is considered as among those crops that require adequate 
amounts of water, including standing water or permanent flooding during its entire 
lifecycle for optimal growth and development and to produce high yields. Therefore, 
water is the most crucial resource in rice production and its unavailability, resulting in 
drought stress, has been ranked as the most devastating abiotic factor in rice growing 
areas across the globe causing substantial yield reductions. 
Drought stress is becoming a serious problem due to climate change, projecting a 
potential risk for rice productivity and food security. It can cause serious yield losses in 
rice with up to an estimated of 58% (Ouk et al. 2006) in a growing season. Drought is 
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also affecting arable land area; the percentage of land affected by drought has doubled 
from 1970’s to 2000’s and, unfortunately, the future trend appears to be similar 
((Mostajeran and Rahimi-Eichim 2009). The drought has been reported to have already 
affected rice production in most of the rice growing areas around the world including the 
USA, China, Australia and many countries in Asia and Africa. 
 In Asia, where more than 90% of the world’s rice is produced and consumed 
(Hibberd et al. 2008) 15 million hectares and 22 million hectares of traditionally irrigated 
land has been estimated to be suffered by physical water scarcity and economic water 
scarcity respectively (Prasad 2011). Overall, 63.5 million ha of rainfed rice grown 
annually has been affected by drought, mostly in tropical Asia, Africa and Latin America 
(Narciso and Hossain 2002). Drought occurrence has decreased the world’s overall per 
capita irrigated area from 48 ha/1000 people in late 1970 to approximately 42 ha/1000 
people in 2002 (Gleick 1993).  
Drought may occur at any stage in the growing season including seedling, 
flowering and grain filling stages, and the intensity of drought depends on the duration 
and frequency of water scarcity (Wade et al. 1999). The severity of drought also depends 
upon different environmental factors including occurrence and distribution of rainfall and 
the type of soil and its evaporating requirements and moisture storing capacity (Wery et 
al. 1994). The intensity and frequency of drought are expected to increase in the future 
due to climate change and related challenges which can also affect water-limited irrigated 
areas with even higher intensity. Global climatic conditions are changing fast causing 
changes in temperature, atmospheric carbon dioxide (CO2) and frequency and intensity 
of extreme weather conditions. These changes are resulting in soil water deficit causing a 
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significant threat to sustainable agriculture production for meeting the food demands of 
the world’s increasing population (Farooq et al. 2009).  
Rice is considered as poorly adapted to limited water conditions because of its 
semi-aquatic nature and origin (Lafitte et al. 2007). Rice is susceptible to drought stress at 
both seedling and maturity stages (Jongdee 2000; Pantuwan et al. 2002) limiting overall 
rice production and yield stability, however seedling stage is critical as it is an important 
determinant for the later growth and maturation of rice (Bunnag and Pongthai 2013). 
Therefore, screening for rice cultivars that can confer tolerance to drought stress at 
vegetative stage will bring new insights in rice breeding (Bunnag and Pongthai 2013). 
However, there are currently no economically viable drought tolerance-based 
mechanisms for enhancing crop production. Although it may not be possible to overcome 
the problem of drought completely, some agronomic and genetic options could be 
established to manage crops including rice effectively under water-limited conditions. 
Therefore, screening for drought stress to identify drought tolerant plants might be a 
promising approach to sustain crop production under water-limited conditions and ensure 
food security for the rapidly increasing population. For efficient screening, detailed 
physiological and genetic insights of the contributing traits at different stages of plant 
growth and development is imperative (Farooq et al. 2009). 
Early vigor and biomass accumulation in rice crop are useful but intricate 
attributes for anticipating later reproductive traits. Early vigor refers to the ability of 
plants to rapidly accumulate biomass and leaf attributes until improved canopy 
development and closure are attained. It is a promising property involving different 
processes like resource procurement and conservation, organ and morphogenetic 
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dynamics and plant development and canopy architecture. Thus, early vigor can 
contribute to growth and development as well as yield stability by rapid colonization of 
space and resources (Asch et al. 1999) under drought conditions. Early canopy closure 
also helps to reduce unproductive, non-transpirational water use increasing the overall 
water use efficiency (WUE) (Condon et al. 2004) which in turn enhances weed 
competitiveness at an early growth stage (Dingkuhn et al. 1999; Zhao et al. 2006). Early 
vigor trait could be an indication of the fast-growing and short duration varieties, which 
can be useful in identifying early maturing and high yielding cultivars. Early maturing 
cultivars utilize less amount of water per season as well as offer an escape mechanism to 
plants to avoid various biotic and abiotic challenges effectively. Thus, earliness is an 
essential factor for increasing yield and saves both time and water consumption.  
Root systems play an essential role in growth and development, planting density, 
and aboveground biomass of plants, which indirectly help to increase yield. Root 
attributes have been underestimated and less valued in the past mainly because of 
unavailability of proper scientific instruments to estimate their underground distribution, 
interactions with the surrounding environment, functional diversity, and complex 
structures. However, with the advent of scientific instruments like the WinRHIZO optical 
scanner and software system which can measure more than ten different root parameters 
including the number of roots, root surface area, cumulative root length and, average root 
diameter etc., it has become possible to study the complex root structures and understand 
their role under stressful conditions. 
Exploitation of the available genetic variability for drought-related characteristics 
could be useful in developing drought-tolerant rice genotypes. Therefore, breeders are 
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interested in identifying breeding lines and varieties possessing drought tolerant genes 
that could be used in breeding programs as donor parents to improve drought tolerance in 
high yielding cultivars (Serraj and Atlin 2008). However, little is known about how 
different traits respond and express under drought and the trade-offs of crucial attributes 
for drought tolerance. Breeders are also interested in identifying component traits that 
contribute directly or indirectly to yield because they are comparatively easy to measure 
and provide a greater diversity than the yield itself (Tuberosa et al. 2002). Early vigor-
related traits used in previous studies have involved root and shoot traits measured at the 
seedling state (Redoña and Mackill 1996).    
The general objective of the current study was to explore the morpho-genetic 
plant characteristics in indica rice genotypes that are associated with seedling vigor and 
its manifestation under water-limited conditions. We hypothesized that the morpho-
physiological and genetic variability in the selected rice genotypes could serve as a pre-
breeding resource for improving genotypic performance under limited water conditions. 
Specific objectives were to: (i) test the efficiency and accuracy of pot-culture screening 
method at the early growth stage using mini-hoop structures, (ii) determine the variation 
in morpho-physiological traits and identify the best descriptors (traits) in relation to 
drought stress tolerance, (iii) classify and rank rice genotypes into different response 
groups based on combined drought stress response index under limited-water conditions, 
and (iv) study the interrelationships among different morphometric traits.  
We anticipate that the information gained will be valuable for rice breeders to 
determine and select drought-tolerant genotypes at the seedling stage. The identified 
tolerant lines could be used as promising genetic donors in breeding for drought tolerance 
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for producing high yielding drought tolerant rice varieties. The short season pot-culture 
screening method and early growth stage characterization strategy could be also useful to 
farmers and crop consultants as a decision-making tool for screening and selecting 
commercial cultivars most suited for water-limited rice production systems. 
4.3 Materials and Methods 
4.3.1 Experimental Setup and Germplasm 
Seventy-four rice genotypes were evaluated for response to drought stress.  Most 
of these rice genotypes belonged to tropical indica rice subspecies obtained from 
International Rice Research Institute (IRRI), with some local checks 2 cultivars (Thad 
and Rex) from the US Mid-South included for comparison. The experiment was 
conducted using pre-fabricated mini-hoop structures (Fig. 4.1) at the Rodney Foil Plant 
Science Research facility of Mississippi State University, Mississippi State, USA (33°28′ 
N, 88°47′ W), MS, USA. Each structure consisted of a PVC framework with 4 MIL 
polythene wrapping with dimensions of 2m width x 1.5m height x 5m length. Seeds were 
sown in 592 polyvinyl-chloride pots (12 cm diameter and 30 cm height) arranged in a 
randomized complete block design (RCBD) with four replications and 74 rice genotypes 
each. Pots were filled with the soil medium consisting of 3:1 sand and soil, classified as a 
sandy loam (87% sand, 2% clay, and 11% silt) with a 500 g of gravel at the bottom of 
each pot. Initially, five seeds were sown in each pot and, seven days after emergence, the 
plants were thinned to one plant per pot. Plants were irrigated three times a day via an 
automated, computer-controlled drip system with full-strength Hoagland’s nutrient 
solution (Hewitt 1952), delivered at 0800,1200, and 1700 h until drought treatment was 
imposed. The soil moisture status was monitored using Decagon soil moisture sensors 
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and data loggers (Em-5b data logger) which use capacitance to measure the water content 
of soil by measuring the dielectric permittivity of the soil. 
 
 
 
Figure 4.1 Pre-fabricated mini-hoop structures used to avoid rain but removed during 
normal day. 
 
  
4.3.2 Drought Treatments 
The imposed treatments included control (C) and drought (D). For control, plants 
were watered three times a day through an automated, computer-controlled drip system 
with full-strength Hoagland’s nutrient solution (Hewitt 1952) until harvest (37 days after 
sowing_DAS). Drought treatment was imposed one week after emergence (12 DAS) to 
well-established seedlings where plants received 50% soil moisture throughout the 
experiment until the final harvest. Soil moisture was recorded and monitored daily until 
final harvest through real-time sensors installed within the pots inside the mini-hoop 
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structures. A similar experiment of screening rice genotypes at the vegetative stage under 
drought conditions using rainout structures has been previously carried out revealing the 
effectiveness of the experimental setup (Bunnag and Pongthai 2013). The net solar 
radiation availability of approximately 97 percent under the mini-hoop structures was 
also monitored at various stages of the experiment using a light meter (Li-250A, LI-COR, 
Inc, Lincoln, Nebraska, USA). Real-time temperature sensors were used to measure the 
diurnal temperature regimes where the average day temperature recorded was 35.86˚C 
while the night temperatures hovered around 24.78˚C. 
4.4 Measurements 
4.4.1 Growth and Developmental Parameters 
Shoot growth and developmental parameters including plant height (PH), tiller 
number (TN), and leaf number (LN) were measured one day before the final harvest (36 
DAS) for all the 74 rice genotypes used in this study. Leaf area was measured using the 
leaf-area meter (LI-3100: Li-COR, Lincoln NE, USA) on the day of harvest before leaf 
rolling. Leaves and stems were then stored separately in the oven at 75C for 25 days 
until constant weight was reached to measure other plant components including leaf dry 
weight (LDW), stem dry weight (SDW), shoot dry weight (SHDW), and total dry weights 
(TDW) for all plants. The growth and developmental parameters were measured for 
drought as well as irrigated conditions for morpho-physiological and genotypic 
variability comparison among the genotypes. 
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4.4.2 Physiological Parameters 
Physiological parameters like chlorophyll contents (SPAD) were recorded two 
days before harvest (35th DAS) on-site non-destructively using instruments like SPAD 
meter (SPAD 502 Minnilota Inc., Canada) for instant chlorophyll measurements for all 
rice genotypes. Similarly, fluorescence including minimal fluorescence intensity (Fo), 
maximal fluorescence intensity (Fm), maximal variable fluorescence (Fv), and maximum 
quantum efficiency or yield (Fv/Fm) were also measured on-site non-destructively using 
Fluropen 1000 (Photo System Instruments, Kolackova, Czech Republic) for chlorophyll 
fluorescence fast-transient (OJIP) analysis. 
Application of chlorophyll fluorescence fast-transient analysis is a simple and 
non-invasive tool for monitoring chloroplast function. The OJIP analysis is used as a 
sensitive, reliable, and quick test for the functionality and vitality of the photosynthetic 
system (Stirbet 2011). Minimal Fluorescence Intensity (Fo), Maximal Fluorescence 
Intensity (Fm), Maximal Variable Fluorescence (Fv) and Fv/Fm were measured to get the 
maximum potential quantum efficiency of Photosystem II to derive clues about the 
stress effect on the experimental rice lines. 
4.4.3 Root Image Acquisition and Analysis 
At the final harvest, roots of all plants were cut from the stems and washed on a 
sieve thoroughly but cautiously to avoid any destruction to the overall root structure. The 
longest root length (LRL) was measured using a metric ruler, root crowns were cut, and 
cleaned individual roots structures were then scanned using the WinRHIZO optical 
scanner (Regent Instruments, Inc., Québec, Canada). First, the 0.3- by 0.2-m Plexiglas 
tray was filled with approximately 5mm of tap water, making sure that roots floated in 
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the tray and easily untangled and separated with a plastic paint brush to minimize 
overlapping. The tray was then placed on the top of a specialized dual-scan optical 
scanner, linked to a computer system. Root images were acquired by setting the 
parameters to high resolution (800 by 800 dpi) as previously described by Brand et al. 
(2016), Reddy et al. (2017) and Wijewardana et al. (2015). Acquired images were 
analyzed for different root parameters including root surface area (RSA), cumulative root 
length (CRL), average root diameter (ARD), root volume (RV), number of root tips (RT), 
number of root forks (RF), and number of root crossings (RC) using the WinRHIZO Pro 
software.  
4.4.4 Data Analysis 
The data from all measurements of root and shoot parameters were documented 
and descriptive analysis including means, standard deviations (SD), coefficients of 
variation (CV), and analysis of variance (ANOVA), were calculated for the parameters 
under drought and control treatments using SAS statistical software packages (SAS 
Institute, Inc., Cary, NC).  The experiment was laid out using a randomized complete 
block design that considered the rice lines and drought treatments as main sources of 
variation. Data were analyzed using a one-way ANOVA via PROC GLM in SAS to 
determine the effect of drought on the shoot and root growth and developmental and 
physiological parameters. The Fisher’s protected least significant difference test at P = 
0.05 was employed to test the differences among the treatments for the measured 
parameters. The standard errors of the mean were calculated using Sigma Plot 13.0 
(Systat Software, Inc, San Jose, CA) and presented in the figures as error bars. 
 
84 
4.4.5 Drought Response Characterization 
The selected rice genotypes used in the study were classified into different 
clusters or response reaction groups based on their individual responses to the drought 
stress and subsequent summation of individual index values for each trait as previously 
explained by (Raman et al. 2012). The combined drought stress response Indices 
(CDSRI) were calculated by adding individual drought stress response indices (IDSRI) 
for all parameters. Initially, IDSRI values for each parameter were calculated as the value 
of a parameter (Pd) under drought for a given rice genotype divided by the value for same 
parameter (Pc) of the same cultivar under controlled conditions as follows:    
IDSRI= Pd /Pc; and 
CDSRI = (PHd/PHc) + (TNd/TNc) + (LAd/LAc) + (LWd/LWc) + (SWd/SWc) + 
(RWd/RWc) + (TWd/TWc) + (LRLd/LRLc) + (F0d/F0c) + (FMd/FMc) + (FVd/FVc) + 
(Fv/Fmd/Fv/Fmc) + (TRLd/TRLc) + (SAd/SAc) + (ADd/ADc) + (RVd/RVc) + 
(RNd/RNc) + (TPd/TPc) + (FR d/FRc) + (CRd/CRc).        
Based on the CDSRI values, rice genotypes were classified into four response 
groups- drought sensitive, low drought tolerant, moderately drought tolerant, and highly 
drought tolerant. 
4.5 Results and Discussion 
Indica rice (Oryza sativa L.) or Asian rice is one of the two major and 
domesticated sub-species of rice and a crucial crop species (Khush 1997) as a model for 
studying the origin and spread of domesticated taxa as well as exploring the genetic 
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basis of variation in rice (Ashikari and Matsuoka 2006). Since different species of rice 
can differ in many physiological and morphological traits from their ancestral wild 
species, indica rice species will could be optimal for assessing the genetic variability 
based on mopho-physiological parameters.  
The genotypes used in the current study, belong to indica species of rice, except 
for two local checks (Thad and Rex) that belong to the tropical japonica group 
commonly grown in the US Mid-South. The indica genotypes used are mostly breeding 
lines and have not been well characterized for water-limited conditions before. In the 
current study, they were tested for drought stress at early growth stage using movable 
mini-hoop structures for the first time, under the uniform phenotypic platform and were 
carefully observed for different morpho-physiological traits across all the treatments. It 
is important to mention that mini-hoop structures are different from the greenhouses 
with regards to movability as they can be removed completely when not required. The 
primary purpose of using these structures was to avoid rainfall or other extreme weather 
conditions. During regular days, they were moved away to provide natural 
environmental conditions simulating field conditions. Rice is usually screened for 
drought in the greenhouses under controlled conditions and then tested in the field 
conditions, but this kind of screening has certain limitations including the difference in 
the environmental conditions between the two facilities and, therefore, cultivars fail to 
express similar outputs in the field. On the other hand, open field-based screening for 
drought also has limitations including non-avoidance of rainfall, diseases and other 
extreme weather conditions making it difficult to determine the true potential of 
cultivars for drought tolerance.  
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 Keeping in view the limitations of both greenhouses and field conditions, we 
designed a different facility called “mini- hoop structures” at the Environmental Plant 
Physiology Laboratory, Mississippi State University. Mini-hoop structures have 
moving canopies that could be used to avoid rainwater or otherwise removed to provide 
simulated field conditions under the same facility during regular days. Therefore, we 
assume that this alternative screening methodology could be more helpful in assessing 
and exploring the phenotypic and genetic variability of the selected indica rice breeding 
lines for drought based on morpho-physiological traits. It could also be used to screen 
commercial cultivars under water-limited conditions to identify best-suited varieties 
requiring less water for large-scale cultivation. 
4.5.1 Performance of Rice Genotypes and Interaction with Drought 
The analysis of variance for shoot growth and developmental parameters revealed 
significant (P>0.001) differences among the rice genotypes, drought treatments, and 
drought X genotype interaction for LA and non-significant differences for LN whereas 
PH and TN were also significant under drought treatment (Table 4.1). Among the root 
growth and developmental traits, significant differences were found for ARD, RC, and 
RT under drought treatment. No significant drought X genotype interaction was observed 
for any of the root traits even though they were all different among genotypes. Among 
the physiological parameters, significant differences were found only for SPAD both for 
treatment and genotypes, but no significant drought X genotype interaction was found for 
any of the other physiological traits. All the above-ground parameters including LDW, 
SDW, and SHDW were found significantly different under drought treatment and among 
genotypes, but there were no significant drought X genotype interactions (Table 4.1).
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Table 4.1 Analysis of variance for morpho-physiological traits measured 36-37 (DAS) under drought treatment.  
Source PH TN LA LRL CRL RSA RAD RV RT RF RC SPAD FO FM FvFm LDW SDW SHDW 
Drought 
(D) *** *** *** NS NS NS *** NS * NS ** *** NS NS NS *** *** *** 
Lines 
(L) *** NS *** *** *** *** *** *** ** *** *** *** ** ** * *** *** *** 
D * L NS NS ** NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS 
Significant level ***, **,*, and N.S means P-value ˂ 0.001, 0.01, 0.05, and not significant, respectively. Morpho-physiological traits 
measured; plant height (PH), tiller number (TN), leaf area (LA), longest root length (LRL), cumulative root length (CRL), root surface 
area (RSA), average root diameter (ARD), root volume (RV), number of root tips (RT), number of root forks (RF), number of root 
crossings (RC), SPAD, minimal fluorescence intensity (Fo), maximal fluorescence intensity (Fm), quantum efficiency of fluorescence 
(FvFm), leaf dry weight (LDW), stem dry weight (SDW), shoot dry weight (ShDW). 
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4.5.2 Shoot Growth and Developmental Parameters: 
The measured shoot growth and developmental parameters included plant height 
(PH), tillers number (TN), leaf area (LA) and leaf number (LN). Among the shoot growth 
and developmental traits, LA was found most diverse among all genotypes but was the 
most affected trait under drought. It ranged from 283.08 cm2 per plant in genotype 
IR86635 to minimum 36.64 cm2 per plant in genotype IR49830, with an overall average 
of 119.11 cm2 per plant under drought as compared to 146.50 cm2 under control 
condition, causing a reduction of about 27.39 cm2 per plant on average (Table 4.2).
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Table 4.2 Effect of drought stress on shoot growth and developmental traits measured 
one day before harvest (37 DAS).  
Shoot growth and developmental parameters 
    PH, cm plant-1 TN, no. plant-1 LN, no. plant-1 LA, cm-2 plant-1 
S. N Genotypes C D C D C D C D 
1 GMET-15 13.25 11.50 4.75 3.75 3 3 151.24 136.71 
2 GMET-25 12.58 11.13 5.25 4.00 3 3 149.99 137.92 
3 75-1-127 11.95 9.93 4.25 3.50 3 3 118.76 106.30 
4 Apo 11.75 9.20 5.75 3.75 3 3 172.18 146.45 
5 BR47 12.00 9.75 4.75 3.25 3 3 112.51 89.83 
6 COL-XXI 7.95 7.30 2.75 2.75 3 3 69.83 78.76 
7 CT18233 10.88 11.00 3.75 3.50 3 3 124.32 125.51 
8 CT18237 13.88 11.23 5.75 4.00 3 3 198.76 142.29 
9 CT18244 14.38 10.50 5.25 4.00 3 3 188.39 114.97 
10 CT18245 13.13 11.85 4.50 3.50 3 3 202.35 148.64 
11 CT18247 11.50 12.25 4.50 3.75 3 3 153.78 128.17 
12 CT18372 11.25 9.93 4.00 3.00 3 3 105.13 99.11 
13 CT18593 9.63 5.93 5.00 3.00 3 3 142.07 104.41 
14 CT18614 9.63 9.75 5.00 4.25 3 3 170.80 135.04 
15 CT18615 13.63 12.50 5.50 3.50 3 3 142.40 122.24 
16 CT19561 9.13 8.63 4.50 4.75 3 3 116.45 186.15 
17 CT6510 9.75 7.05 4.75 3.00 3 3 67.23 81.99 
18 CT6946 12.13 10.68 4.25 3.75 3 3 100.69 135.96 
19 FED20 12.00 10.38 5.25 4.00 3 3 131.34 129.44 
20 FED21 13.75 13.20 6.25 5.00 3 3 175.62 141.37 
21 FED473 11.25 9.45 6.00 4.25 3 3 161.43 133.77 
22 FED-MO 14.13 10.63 5.75 3.50 3 3 126.82 102.37 
23 HHZ 12 13.88 11.00 4.00 3.25 3 3 126.92 97.44 
24 HHZ 1 10.63 9.00 5.00 3.25 3 3 172.68 121.22 
25 IR04A115 13.63 11.18 5.25 3.75 3 3 158.94 93.26 
26 IR05F102 14.00 12.13 5.50 3.75 3 3 211.10 139.56 
27 IR05N412 10.00 8.43 6.00 4.50 3 3 199.81 180.08 
28 IR06N155 11.50 9.13 6.00 3.75 3 3 248.04 152.34 
29 IR07F102 11.88 8.45 3.75 2.75 3 3 74.04 76.09 
30 IR07F287 14.75 10.68 4.75 3.75 3 3 126.76 135.35 
31 IR07K142 11.63 11.50 5.00 3.50 3 3 142.86 131.53 
32 IR08A172 12.38 9.93 5.25 4.75 3 3 166.19 139.86 
33 IR08N136 12.13 10.25 4.50 3.25 3 3 166.08 132.59 
34 IR09A130 12.25 9.78 5.00 4.25 3 3 154.64 127.45 
35 IR09F436 13.88 11.98 4.25 3.00 3 3 101.96 98.54 
36 IR09L179 10.75 10.25 3.75 3.00 3 3 89.70 100.79 
37 IR09L324 12.38 11.13 5.00 4.50 3 3 173.36 125.08 
38 IR09L337 12.75 9.75 5.00 3.50 3 3 150.81 145.15 
39 IR09N537 12.00 9.13 5.50 3.25 3 3 132.51 98.44 
40 IR10A134 15.00 13.75 4.50 3.75 3 3 132.31 90.82 
41 IR10N230 11.58 8.65 5.50 4.00 3 3 178.67 153.55 
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42 IR49830 10.50 8.28 3.75 2.50 3 3 63.12 36.64 
43 IR6 10.25 8.78 4.75 4.00 3 3 179.30 132.05 
44 IR64 13.75 11.28 5.50 3.75 3 3 155.21 139.24 
45 IR65482 11.38 9.25 4.50 3.25 3 3 91.89 109.58 
46 IR65600 11.75 9.55 4.50 3.25 3 3 127.75 102.47 
47 IR70213 11.00 9.88 4.00 3.50 3 3 105.66 78.20 
48 IR74371 11.13 9.85 4.00 3.75 3 3 114.87 119.56 
49 IR75483 10.70 10.38 4.75 4.25 3 3 113.82 97.54 
50 IR78049 9.88 9.13 3.75 3.25 3 3 140.09 109.71 
51 IR78221 12.65 10.38 4.75 4.00 3 3 176.47 110.82 
52 IR78222 13.50 11.08 5.50 3.50 3 3 120.83 100.42 
53 IR85411 13.50 11.58 6.75 4.50 3 3 195.27 124.73 
54 IR85422 12.50 8.48 6.00 3.75 3 3 195.40 137.17 
55 IR85427 14.38 9.88 5.50 3.75 3 3 188.77 112.32 
56 IR86052 17.63 13.50 5.00 3.25 3 3 132.44 99.24 
57 IR86126 10.63 9.38 3.50 3.75 3 3 87.03 120.05 
58 IR86-1 8.75 7.28 5.00 3.00 3 3 131.00 114.61 
59 IR86-44 13.75 11.53 13.75 3.25 3 3 169.97 110.41 
60 IR86-11 14.13 12.53 5.00 2.75 3 3 193.69 120.29 
61 IR86635 11.25 11.00 5.00 4.75 3 3 183.14 283.08 
62 IR88633 12.25 9.30 4.75 3.50 3 3 179.15 149.31 
63 IR93323 11.75 11.38 4.00 3.00 3 3 134.34 107.53 
64 IR93324 11.75 10.13 5.00 3.50 3 3 195.81 144.27 
65 IRRI 123 5.75 3.88 4.25 3.75 3 3 59.03 50.05 
66 IRRI 152 15.38 13.15 4.50 3.00 3 3 170.28 122.70 
67 IRRI 154 11.25 8.13 6.00 4.00 3 3 226.17 149.92 
68 IRRI 157 17.20 12.25 4.75 3.25 3 3 228.24 140.43 
69 MIL240 13.13 10.63 5.50 3.00 3 3 195.34 124.88 
70 MTU1010 11.25 13.75 4.25 3.75 3 3 165.25 94.08 
71 PALMAR 14.25 10.18 5.25 3.50 3 3 131.79 92.82 
72 WAB 56 10.38 9.10 5.00 3.00 3 3 122.68 102.62 
73 Thad 11.00 10.50 3.50 2.50 3 3 80.11 39.57 
74 Rex 14.00 12.13 4.00 3.25 3 3 97.45 71.55 
Means 12.14 10.23 4.96 3.59 3.00 3.00 146.50 119.11 
Each value represents the mean of four replications. C represents control (well-watered), 
D represents drought stress. 
 
 
PH was the second most variable trait among the genotypes and second most 
affected traits under drought after LA. PH ranged from 13.75 cm in genotype MTU1010 
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to 3.88 cm in genotype IRRI123, with an overall average of 10.23 cm under drought 
stress as compared to the overall average of 12.14 cm under the control condition. Thus, 
on average PH reduced 1.91 cm per plant under drought stress (Table 4.2). Similarly, TN 
also decreased significantly under drought treatment, ranging from 3 to 5, with an overall 
average of 3.59 tillers per plant under drought. However, the drought did not affect the 
LN, and it remained constant with an average of 3 leaves per plant among all genotypes.  
Previous studies have found that, in rice crop, drought stress critically decreases 
plant growth and development at vegetative stage (Tripathy et al. 2000; Manikavelu et al. 
2006) mainly because of impaired germination (Harris et al. 2002) and poor seedling 
stand establishment (Kaya et al. 2006). In the present study, plant growth and 
developmental traits including PH, LA were negatively affected under drought. Islam 
(1999) also found that moisture stress adversely affects plant height at the vegetative 
stage because of the interruption of cell division and inhibition of cell elongation under 
drought stress. Shoot morphological traits including PH, LA, TN, and LN are interrelated 
and can affect each other directly or indirectly. However, the level of diversity and 
sensitivity varies in different genotypes. For example, in the current study, LA was found 
the most diverse trait among genotypes and was drastically reduced under drought 
followed by PH. Reduction in leaf area, plant height, and overall crop growth are due to 
the impaired mitosis, cell elongation and expansion under drought (Nonami 1998; Kaya 
et al. 2006; Hussain et al. 2008). Drastic reduction in the plant developmental traits 
including plant height and leaf area could also be because of the adverse effects of 
drought on mineral nutrition and metabolism causing alterations in the assimilate 
partitioning of plant organs (Zain et al. 2014).     
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LA is directly dependent on LN and indirectly reliant on TN. Thus, the more the 
LN or TN, the higher the LA and the more the plant will consume water, which is an 
undesired character under drought. In the present study, we also found that LN per tiller 
was not affected by drought with even genotypes that produced only one tiller showing at 
least three leaves per tiller. On the other hand, TN was negatively affected by drought 
which in turn caused a reduction in the LA as well which could be helpful for plants to 
survive under limited-water conditions by avoiding additional water losses. TN is one of 
the main components for higher yield, and it is considered that the more the TN, the 
higher the yield, but it also increases the LA indirectly because each tiller contains more 
or less three leaves. Thus more TN means more LN and finally higher LA. Therefore, the 
number of tillers has always been one of the critical agronomic traits in breeding and 
breeders try to increase the number productive tillers and decrease the number of non-
productive tillers that do not play any role in yield enhancement. This would also help 
plants survive drought by avoiding the excess amount of water loss through evaporation. 
Thus, among the morphological parameters, TN plays a significant role in plant survival 
under drought and maintaining good yield and, therefore, could be considered as the best 
morphological descriptor for rice under drought stress. 
4.5.3 Root Growth and Developmental Parameters:  
Among the root growth parameters, ARD was affected positively, increasing the 
overall mean from 0.41 in control to 0.43 mm under drought condition. ARD ranged 
from 0.48 mm maximum in genotypes IR65600 and IR09L324 to a minimum of 0.36 mm 
in genotype COL-XXI (Table 4.3). However, other major root growth parameters 
including LRT, CRL, RSA, and RV were not significantly affected. RSA ranged from 
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639.06 cm2 maximum in genotype CT18237 to minimum 147.68 cm2 in genotype 
IR49830, with an overall average of 416 cm2 under drought as compared to 427.20 cm2 
under control condition, causing an average reduction of 11.2 cm2 per plant (Table 4.3). 
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Table 4.3 Effect of drought stress on root growth parameters measured after harvest.  
Root growth parameters 
    LRL, cm CRL, cm RSA, cm2 ARD, mm RV, cm3 
S.N Genotypes C D C D C D C D C D 
1 GMET-15 32.75 33.50 3881.56 4287.62 533.99 582.17 0.43 0.44 5.87 6.30 
2 GMET-25 39.25 36.25 4299.62 3499.56 529.80 462.78 0.39 0.43 5.26 4.88 
3 75-1-127 33.50 35.25 3037.85 3360.43 393.08 455.17 0.41 0.43 4.10 4.94 
4 Apo 39.25 37.75 3638.85 3456.69 490.47 493.99 0.44 0.45 5.37 5.62 
5 BR47 38.00 34.25 4629.81 3283.45 600.27 447.67 0.41 0.44 6.33 4.94 
6 COL-XXI 29.25 28.25 1265.12 1356.48 127.11 150.63 0.32 0.36 1.03 1.35 
7 CT18233 29.75 30.00 2015.21 2272.94 244.07 288.26 0.38 0.40 2.36 2.93 
8 CT18237 39.50 40.50 3765.25 4661.41 553.79 639.06 0.46 0.44 6.55 7.04 
9 CT18244 44.50 40.25 3300.39 3448.72 467.60 464.27 0.45 0.43 5.36 4.99 
10 CT18245 37.50 35.25 3293.12 3143.77 446.06 427.42 0.43 0.43 4.82 4.65 
11 CT18247 41.75 38.25 2082.72 3164.13 260.22 443.58 0.41 0.44 2.63 4.98 
12 CT18372 25.25 27.50 1244.80 2044.92 149.71 274.44 0.38 0.42 1.45 2.96 
13 CT18593 35.25 35.00 2936.83 2167.24 440.54 282.62 0.47 0.42 5.31 2.95 
14 CT18614 36.75 32.25 3382.91 3385.88 415.61 440.94 0.38 0.41 4.16 4.60 
15 CT18615 34.00 37.50 4137.17 3023.86 565.11 450.92 0.43 0.47 6.27 5.37 
16 CT19561 36.00 35.25 3119.98 3538.72 406.17 508.49 0.41 0.46 4.25 5.84 
17 CT6510 36.75 34.00 1817.55 1701.92 225.10 218.28 0.39 0.41 2.22 2.25 
18 CT6946 38.25 36.25 3507.77 3563.17 432.23 488.37 0.39 0.44 4.30 5.36 
19 FED20 33.75 35.00 3495.96 3191.90 483.72 454.08 0.44 0.45 5.41 5.18 
20 FED21 39.50 35.00 4132.43 3438.69 586.58 497.89 0.46 0.46 6.77 5.75 
21 FED473 36.00 31.50 4758.62 3488.08 643.53 494.25 0.43 0.47 7.00 5.66 
22 FED-MO 38.25 32.25 3834.28 3429.27 526.37 486.65 0.44 0.47 5.78 5.54 
23 HHZ 12 35.75 33.75 2446.04 2168.26 323.71 302.65 0.41 0.44 3.45 3.37 
24 HHZ 1 42.00 37.50 3122.30 3330.13 415.00 466.62 0.41 0.45 4.43 5.22 
25 IR04A115 37.25 36.25 4338.06 3187.70 572.15 427.12 0.42 0.42 6.10 4.62 
26 IR05F102 35.00 35.25 3141.99 3691.47 430.38 523.03 0.45 0.45 4.86 5.91 
27 IR05N412 34.50 38.50 3491.96 3109.40 450.57 409.48 0.40 0.42 4.64 4.30 
28 IR06N155 44.00 33.75 5355.97 3052.59 670.30 424.48 0.41 0.45 6.74 4.71 
29 IR07F102 31.50 25.25 1606.90 1257.58 174.00 160.28 0.35 0.41 1.50 1.64 
30 IR07F287 36.25 43.00 3672.72 3553.33 481.21 486.90 0.43 0.44 5.07 5.37 
31 IR07K142 32.00 47.50 2471.96 4042.71 311.07 532.23 0.40 0.42 3.13 5.60 
32 IR08A172 39.25 40.50 3449.34 3469.49 448.08 480.69 0.41 0.44 4.67 5.33 
33 IR08N136 33.00 39.00 3635.13 2913.42 477.44 360.49 0.39 0.39 5.06 3.57 
34 IR09A130 38.25 40.00 3648.45 3284.97 417.78 454.18 0.36 0.45 3.84 5.03 
35 IR09F436 28.75 28.25 2818.94 3053.36 321.44 399.06 0.37 0.42 2.94 4.16 
36 IR09L179 37.25 31.25 3057.87 2688.61 368.49 320.18 0.38 0.38 3.57 3.06 
37 IR09L324 40.00 38.75 3615.41 3389.76 452.57 496.72 0.41 0.48 4.55 5.87 
38 IR09L337 34.00 35.75 2873.09 3564.03 344.36 475.40 0.39 0.42 3.29 5.08 
39 IR09N537 37.25 34.25 4019.91 3256.26 504.56 434.81 0.40 0.43 5.26 4.64 
40 IR10A134 36.25 28.25 4162.15 3056.65 534.41 405.59 0.41 0.42 5.50 4.32 
41 IR10N230 39.75 36.00 3624.23 3349.80 545.20 463.33 0.48 0.44 6.56 5.13 
42 IR49830 15.50 18.25 1102.31 1133.55 149.84 147.68 0.44 0.41 1.67 1.54 
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43 IR6 35.75 36.00 4513.33 3485.01 584.75 502.45 0.41 0.46 6.08 5.78 
44 IR64 42.25 36.75 5109.44 4029.31 631.81 532.82 0.39 0.42 6.37 5.62 
45 IR65482 33.25 37.50 2805.66 2820.83 349.15 383.76 0.39 0.44 3.48 4.18 
46 IR65600 35.50 36.25 3060.97 2724.15 406.65 408.18 0.42 0.48 4.37 4.89 
47 IR70213 35.50 40.00 2571.04 3708.07 321.23 452.26 0.38 0.39 3.22 4.42 
48 IR74371 39.00 35.50 3466.12 3103.17 438.38 371.12 0.39 0.38 4.46 3.54 
49 IR75483 40.75 34.50 4359.02 3394.58 549.78 462.96 0.40 0.45 5.60 5.11 
50 IR78049 31.25 32.75 1905.99 1978.00 232.53 244.83 0.39 0.40 2.28 2.42 
51 IR78221 37.00 40.75 3843.10 3039.08 505.61 421.37 0.42 0.44 5.34 4.68 
52 IR78222 30.00 37.50 3406.35 4162.29 447.91 553.57 0.42 0.42 4.73 5.87 
53 IR85411 45.25 36.50 3944.54 3617.20 545.17 531.35 0.43 0.47 6.23 6.22 
54 IR85422 40.50 35.50 5702.15 3222.68 714.84 452.06 0.40 0.43 7.18 5.12 
55 IR85427 42.50 37.00 3639.78 3735.24 547.68 495.22 0.48 0.43 6.56 5.29 
56 IR86052 28.50 35.50 2628.67 2959.75 338.76 431.16 0.42 0.47 3.52 5.06 
57 IR86126 30.00 37.25 1459.76 3140.92 165.93 373.38 0.37 0.40 1.51 3.56 
58 IR86-1 37.25 35.00 2851.27 2234.92 361.41 300.17 0.41 0.43 3.67 3.22 
59 IR86-44 28.50 34.25 1993.61 2683.90 262.69 366.75 0.43 0.44 2.85 4.00 
60 IR86-11 39.75 35.00 5149.09 3526.09 667.07 472.35 0.42 0.42 6.98 5.06 
61 IR86635 34.00 43.25 2645.22 4791.80 336.51 624.72 0.38 0.42 3.50 6.61 
62 IR88633 34.25 36.25 2842.81 2629.20 369.68 347.66 0.41 0.44 3.87 3.72 
63 IR93323 33.75 34.00 1851.87 2002.66 223.60 266.52 0.37 0.43 2.22 2.84 
64 IR93324 36.50 33.50 2864.20 2748.70 371.68 379.21 0.40 0.42 3.93 4.22 
65 IRRI 123 33.50 30.25 1872.80 1762.29 215.87 224.78 0.38 0.41 2.02 2.29 
66 IRRI 152 30.50 35.50 3002.31 2874.74 417.19 403.63 0.42 0.44 4.69 4.58 
67 IRRI 154 36.50 34.25 3514.52 1857.84 459.64 266.60 0.41 0.44 4.80 3.07 
68 IRRI 157 39.75 37.25 4702.56 3326.24 665.99 480.86 0.45 0.46 7.57 5.57 
69 MIL240 37.75 39.25 4516.98 3420.53 568.80 507.13 0.42 0.47 5.76 5.99 
70 MTU1010 35.00 35.75 3283.25 3412.36 400.04 427.42 0.39 0.40 3.95 4.28 
71 PALMAR 37.75 32.50 3349.32 2031.40 411.00 285.44 0.39 0.44 4.03 3.24 
72 WAB 56 36.50 33.75 3167.75 3030.13 389.53 380.76 0.38 0.40 3.91 3.84 
73 Thad 34.00 34.25 2579.54 2109.68 347.00 282.06 0.41 0.42 3.78 3.00 
74 Rex 37.25 39.25 3477.43 3901.29 451.36 528.58 0.41 0.45 4.69 5.81 
Means 35.83 35.33 3288.01 3066.57 427.20 416.00 0.41 0.43 4.49 4.54 
C – control (well-watered), D – drought stress. Each value represents the mean of four 
replications. Root traits included longest root length (LRL), cumulative root length 
(CRL), root surface area (RSA), average root diameter (ARD), and root volume (RV).  
 
 
Among the root developmental parameters, only RC revealed significant 
differences where RT and RF were non-significant under drought. RC ranged from 
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4724.75 maximum in genotype IR86635 to a minimum 570.75 in genotype IR49830, 
with an overall mean of 2623.79 under drought as compared to 3089.36 under control 
condition. Similarly, RT ranged from 33253 maximum in genotype IR86635 to a 
minimum 8053.25 in genotype IR49830, with an overall mean of 20720.57 under drought 
as compared to 22286.56 under control condition (Table 4.4). 
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Table 4.4 Effect of drought stress on root developmental parameters measured after 
harvest.  
Root developmental parameters 
    RT RF RC 
S.N Genotypes C D C D C D 
1 GMET-15 26673.75 25809.00 50253.25 57288.25 3948.25 4346.75 
2 GMET-25 28818.25 23407.75 51401.25 37360.00 4482.50 2931.75 
3 75-1-127 19052.50 19780.50 36152.25 32496.25 3139.25 2262.50 
4 Apo 24620.00 20599.50 42770.00 35384.25 3355.75 2405.75 
5 BR47 32144.50 23134.75 51136.75 39069.00 3894.00 3025.50 
6 COL-XXI 10381.00 12501.50 10116.50 13817.00 925.00 1086.00 
7 CT18233 13825.75 18353.00 16974.00 29249.25 1328.50 2402.25 
8 CT18237 22467.25 27975.75 43610.75 56581.00 3057.25 4467.00 
9 CT18244 20607.00 24971.50 34773.25 43243.00 2581.25 3501.25 
10 CT18245 20742.50 21454.25 32451.00 31569.00 2571.75 2232.25 
11 CT18247 15377.75 22233.75 19617.25 34250.75 1492.75 2485.00 
12 CT18372 10186.75 18265.00 12231.75 20970.50 938.50 1445.50 
13 CT18593 18021.00 16614.75 32946.75 23913.75 2187.25 1809.00 
14 CT18614 23758.50 26222.75 42309.50 41632.25 3616.00 3076.75 
15 CT18615 29898.25 22488.25 53759.00 34916.25 4123.25 2120.00 
16 CT19561 20027.75 21454.50 35954.75 43520.50 2868.50 3158.25 
17 CT6510 13368.50 15550.50 15882.75 17153.00 1236.25 1197.00 
18 CT6946 26635.00 24371.50 43529.75 45175.75 3623.50 3515.75 
19 FED20 21761.50 20272.75 39294.25 33828.00 2956.00 2342.75 
20 FED21 25859.75 23009.25 43969.75 40216.50 3098.50 2863.25 
21 FED473 27843.50 23394.00 55733.50 47179.25 4184.25 3660.25 
22 FED-MO 23458.50 20692.25 42425.00 43529.75 3375.00 3018.25 
23 HHZ 12 15069.00 16416.50 23995.75 23978.75 1887.75 1783.00 
24 HHZ 1 22870.75 22201.75 39770.25 40114.25 3304.50 2935.00 
25 IR04A115 27492.50 21283.25 53451.75 38057.25 4312.50 2905.25 
26 IR05F102 25372.75 23160.50 34483.75 42765.00 2444.50 3042.50 
27 IR05N412 24289.75 23660.50 49816.75 41002.75 4335.25 3161.50 
28 IR06N155 38263.00 22892.25 61551.00 37153.25 5359.25 2709.75 
29 IR07F102 14359.50 13392.75 12241.75 10383.50 983.25 585.00 
30 IR07F287 19735.50 20663.25 34914.00 41263.75 3027.25 2932.00 
31 IR07K142 16948.25 26439.75 32043.00 48747.00 2777.00 3716.50 
32 IR08A172 22035.25 19550.75 35687.25 46214.75 2775.25 3528.50 
33 IR08N136 20734.25 18746.75 38717.25 32099.00 3351.50 2491.25 
34 IR09A130 23502.00 21698.50 42902.50 42365.50 3985.75 3230.25 
35 IR09F436 21616.75 17001.50 31470.25 34004.50 2794.75 2338.50 
36 IR09L179 22637.25 19947.50 31500.75 28645.00 2561.00 2333.00 
37 IR09L324 24215.50 20523.75 52655.25 39448.50 4878.25 2631.00 
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38 IR09L337 23399.50 23488.00 34828.00 40139.50 2859.00 2968.50 
39 IR09N537 33327.25 25944.25 54056.25 41009.25 4608.75 2965.50 
40 IR10A134 25506.25 20865.00 59733.25 38116.75 5480.75 2818.25 
41 IR10N230 22101.25 21580.75 38727.25 38971.25 2877.25 2981.50 
42 IR49830 8445.25 8053.25 8238.25 9069.25 543.75 570.75 
43 IR6 30013.75 22313.75 47512.25 43588.25 3793.50 3126.75 
44 IR64 29901.00 28728.25 66025.50 49563.25 6153.00 3703.00 
45 IR65482 18123.75 21768.25 32607.00 35078.25 2600.25 2433.00 
46 IR65600 24275.00 19411.75 31253.50 32539.75 2259.00 2125.25 
47 IR70213 16351.00 28305.75 27216.00 49067.25 2122.25 4167.50 
48 IR74371 22130.00 22210.00 37281.25 34146.50 3194.00 3016.75 
49 IR75483 32854.00 23430.25 48123.25 40483.75 3576.75 2950.75 
50 IR78049 14159.50 20223.75 24065.00 20234.25 2280.75 1463.75 
51 IR78221 27552.25 19654.25 41349.50 30922.75 3055.25 1942.25 
52 IR78222 20821.00 30534.75 35252.00 49601.00 2638.75 3785.50 
53 IR85411 27449.00 23683.50 51357.00 44060.50 4140.00 2926.25 
54 IR85422 32272.00 18167.00 65985.50 33111.00 5621.75 2305.50 
55 IR85427 21743.75 22021.50 48624.25 38423.50 3821.25 2800.25 
56 IR86052 18718.75 17348.25 31572.50 35797.75 2458.25 2384.50 
57 IR86126 11041.50 24788.50 16363.00 42810.50 1435.25 3729.75 
58 IR86-1 19942.75 16045.75 26525.25 22428.75 2059.25 1571.00 
59 IR86-44 16953.50 17174.50 17904.50 28063.00 1172.75 2016.00 
60 IR86-11 33674.50 22232.25 70660.25 40264.50 6658.50 3094.50 
61 IR86635 18278.75 33253.00 32152.50 60335.75 2671.00 4724.75 
62 IR88633 20421.50 17606.00 24929.50 26822.75 2007.00 2097.75 
63 IR93323 18053.00 16022.00 15874.00 19257.50 1205.75 1354.50 
64 IR93324 21476.75 15742.50 27941.75 30468.75 2053.25 2244.50 
65 IRRI 123 14597.50 13417.25 17180.00 21324.00 1490.75 1750.75 
66 IRRI 152 18812.75 19245.00 38278.25 36749.50 2899.00 2836.00 
67 IRRI 154 26276.50 13152.25 40208.75 18894.75 3221.25 1120.50 
68 IRRI 157 30909.25 20062.75 56547.25 39254.25 4254.50 2981.50 
69 MIL240 31929.75 23702.50 51079.25 38199.00 4305.75 2457.25 
70 MTU1010 25839.25 22600.25 43845.50 41479.25 3861.25 3386.00 
71 PALMAR 24152.25 14278.25 42760.75 21916.25 4283.75 1447.25 
72 WAB 56 23591.00 21112.50 36284.25 36271.75 2722.50 2826.75 
73 Thad 13954.00 11840.75 26924.00 20102.75 2556.25 1616.50 
74 Rex 17360.75 18417.75 33665.25 35534.50 3187.50 2963.75 
Means 22286.56 20720.57 37650.60 35395.05 3089.36 2623.79 
C represents control (well-watered), D represents drought stress. Root developmental 
traits included number root tips (RT), forks (RF) and crossings (RC). Each value 
represents the mean of four replications. 
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Interestingly and surprisingly, drought had no significant effect on most of the 
root growth and developmental traits. Some of the traits including ARD and RV showed 
a positive response to drought, indicating that root traits are not sensitive to drought 
stress. The increase in the root characteristics could be because of the increased soluble 
sugars in the roots under drought as sugars provide a source of energy for root 
development and are a substrate for the synthesis of the cell wall and other cellular 
components. Soluble sugars are modulated between leaves (source capacity) and root 
(sink) by the increased activity of plant enzymes sucrose phosphate synthase and root 
invertase (Xu et al. 2015) involved in the plant defense response mechanisms to biotic 
and abiotic stresses, providing energy sources and compatible solutes for osmotic 
adjustments in roots (Ogawa and Yamauchi 2006). Root imaging and scanning analysis 
also showed no significant difference in the morphological structures of root systems 
between control and drought stress. However, the root growth and developmental 
parameters were significantly different among the genotypes under both treatments. 
4.5.4 Physiological Parameters:  
Measured physiological traits included chlorophyll content (SPAD), minimal 
fluorescence (FO), maximal fluorescence (Fm) and maximum quantum efficiency 
(Fv/Fm). No significant differences were found in most of the physiological parameters 
except chlorophyll content (SPAD) which increased the overall mean from 39.37 under 
control to 42.54 per plant under drought, with a maximum value of 49.43 in genotype 
CT18593 and minimum 32.83 in genotype IR07F102 under drought. 
Minimum fluorescence (Fo) ranged from 9517.75 in genotype IR85422 to 
6484.75 in genotype HHZ12, with an overall average of 8050.27 under drought as 
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compared to 7906.45 under control condition. Similarly, maximum fluorescence (Fm) 
ranged from 24765 in genotype GMET-25 to 11184.75 in genotype HHZ12, with an 
overall mean of 17958.81 and 17643.62 under drought and control conditions 
respectively (Table 4.5). However, maximum quantum efficiency (Fv/Fm) remained 
unchanged under drought with an overall mean of 0.52 both under control and drought 
treatments. 
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Table 4.5 Effect of drought stress on physiological parameters measured before 
harvest. 
Physiological parameters 
    SPAD Fo Fm Fv/Fm 
S.N Genotypes C D C D C D C D 
1 GMET-15 36.85 40.23 7062.75 7721.25 11882.75 20229.75 0.39 0.60 
2 GMET-25 37.25 40.35 7193.00 9257.50 13931.00 24765.00 0.48 0.61 
3 75-1-127 39.13 43.15 8802.00 8664.00 20449.00 18076.00 0.56 0.51 
4 Apo 39.48 42.78 8720.75 6875.75 21164.50 14312.75 0.55 0.49 
5 BR47 42.88 43.28 8688.75 8038.00 23245.25 17352.25 0.62 0.48 
6 COL-XXI 30.85 36.48 7387.75 7981.25 13491.75 15711.00 0.42 0.49 
7 CT18233 36.90 41.93 7331.00 7290.25 13296.75 19262.50 0.44 0.59 
8 CT18237 38.90 40.53 7152.25 8396.00 14882.00 19798.75 0.51 0.56 
9 CT18244 40.25 42.48 7721.00 8932.25 16710.25 20660.50 0.48 0.56 
10 CT18245 39.60 41.85 7802.50 7932.50 17450.25 17360.50 0.55 0.52 
11 CT18247 40.05 41.78 7850.75 7981.00 17222.25 16848.75 0.53 0.51 
12 CT18372 37.50 39.25 7444.75 6924.50 13134.25 13118.00 0.42 0.45 
13 CT18593 46.20 49.43 7940.75 8006.00 19229.75 16719.00 0.58 0.50 
14 CT18614 38.83 41.00 7599.50 8127.75 16710.50 17742.75 0.51 0.53 
15 CT18615 39.78 42.88 8647.50 8453.00 20725.50 20197.25 0.56 0.56 
16 CT19561 38.20 37.83 8533.75 9338.50 19815.25 23098.75 0.56 0.59 
17 CT6510 35.88 40.80 7713.00 8777.75 17450.00 19790.50 0.51 0.52 
18 CT6946 35.35 39.50 8737.50 8412.00 18718.25 17450.25 0.52 0.51 
19 FED20 37.33 40.05 7664.25 7672.25 15466.75 15288.25 0.46 0.45 
20 FED21 39.55 42.73 8208.75 7753.50 17653.25 16101.00 0.52 0.46 
21 FED473 40.78 43.33 7486.50 8964.75 17571.75 20839.75 0.52 0.57 
22 FED-MO 38.43 41.45 7778.00 7810.50 16507.25 16710.50 0.49 0.47 
23 HHZ 12 35.28 41.43 6394.50 6484.75 10187.50 11184.75 0.36 0.40 
24 HHZ 1 41.48 48.55 7851.25 9460.50 14402.25 24025.25 0.43 0.60 
25 IR04A115 40.65 45.20 8347.25 8932.25 19124.25 20319.50 0.51 0.55 
26 IR05F102 36.63 42.05 8396.00 8452.75 17807.50 20546.75 0.52 0.58 
27 IR05N412 40.05 46.93 9630.75 7818.00 26991.75 18736.25 0.63 0.54 
28 IR06N155 43.18 45.65 8111.50 8664.00 16425.75 21619.75 0.50 0.59 
29 IR07F102 30.40 32.83 6445.00 7152.25 12602.25 15678.25 0.47 0.53 
30 IR07F287 41.98 46.80 6867.75 8834.50 14329.00 20367.75 0.52 0.56 
31 IR07K142 43.40 47.83 8566.50 8533.75 22067.00 20343.50 0.59 0.56 
32 IR08A172 42.83 47.70 8753.50 8948.50 22050.25 21888.00 0.60 0.58 
33 IR08N136 43.35 45.58 8086.75 7835.00 18579.75 16011.50 0.55 0.45 
34 IR09A130 43.13 47.75 6843.50 7445.25 14239.50 15792.25 0.51 0.51 
35 IR09F436 41.18 38.25 8386.00 8794.00 22352.25 23229.25 0.55 0.62 
36 IR09L179 41.53 41.35 8558.25 8453.00 20392.25 18734.50 0.56 0.55 
37 IR09L324 40.65 47.33 8533.75 7965.00 21530.25 20311.00 0.59 0.59 
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38 IR09L337 41.53 46.25 8493.25 7461.25 20319.25 15857.00 0.56 0.49 
39 IR09N537 39.45 40.90 7656.00 8282.00 16255.25 19530.75 0.49 0.57 
40 IR10A134 42.30 42.73 8026.25 8648.00 20314.50 20384.50 0.60 0.57 
41 IR10N230 40.23 41.83 9346.75 7867.50 25838.00 17693.75 0.62 0.55 
42 IR49830 33.88 40.50 7503.75 7493.75 20091.00 15540.25 0.58 0.49 
43 IR6 42.18 47.28 9468.75 9192.50 24635.00 22335.00 0.61 0.58 
44 IR64 37.85 42.13 8493.00 8623.50 20075.25 20116.00 0.57 0.57 
45 IR65482 42.83 45.93 7981.00 8103.50 19603.75 17409.50 0.55 0.50 
46 IR65600 43.00 45.58 7948.75 7892.00 17198.25 16718.75 0.51 0.52 
47 IR70213 39.43 43.48 8054.25 6949.25 19173.00 11435.75 0.57 0.37 
48 IR74371 42.63 43.15 8193.00 6970.75 19181.50 14586.50 0.57 0.48 
49 IR75483 42.20 46.65 8102.75 8802.00 19620.00 15149.75 0.50 0.43 
50 IR78049 35.95 40.10 7225.25 7453.00 13191.25 14524.25 0.44 0.44 
51 IR78221 41.00 45.40 7672.75 7493.75 18352.25 17142.75 0.55 0.51 
52 IR78222 45.53 46.18 7143.25 7453.00 15292.50 16304.00 0.50 0.54 
53 IR85411 39.75 44.28 7851.00 6518.25 18002.75 12931.50 0.54 0.45 
54 IR85422 37.03 40.53 7924.25 9517.75 15458.50 23318.25 0.47 0.59 
55 IR85427 39.08 42.70 8249.25 8688.50 16726.75 16670.00 0.50 0.43 
56 IR86052 38.80 41.35 8405.75 7704.50 18066.25 15328.75 0.48 0.47 
57 IR86126 37.83 40.43 6040.75 7249.75 11796.50 18636.75 0.43 0.56 
58 IR86-1 43.43 47.98 9005.50 7615.50 23586.25 15076.75 0.60 0.46 
59 IR86-44 34.43 37.93 6294.75 6869.00 11966.50 14356.25 0.45 0.51 
60 IR86-11 35.98 41.00 7688.75 6672.00 16507.00 13629.00 0.52 0.49 
61 IR86635 38.45 44.38 7477.00 8013.50 14800.50 20570.75 0.44 0.53 
62 IR88633 40.35 43.40 7241.75 8810.25 14930.50 22684.50 0.48 0.61 
63 IR93323 35.63 37.38 6433.75 7818.75 11862.75 16491.25 0.43 0.50 
64 IR93324 34.18 33.13 7250.00 8144.50 13711.50 13983.75 0.47 0.35 
65 IRRI 123 38.60 40.10 8859.00 8891.50 19392.50 17824.00 0.51 0.46 
66 IRRI 152 38.33 40.33 7965.00 9030.00 16450.25 20685.00 0.50 0.56 
67 IRRI 154 37.83 41.05 7436.75 7022.50 14743.50 13467.50 0.46 0.46 
68 IRRI 157 43.50 41.60 9379.25 7525.00 24196.25 13817.00 0.60 0.45 
69 MIL240 39.48 44.68 8070.75 6750.50 18092.50 12129.25 0.55 0.41 
70 MTU1010 39.00 40.80 8501.00 8282.00 18474.00 19864.25 0.51 0.56 
71 PALMAR 42.75 41.05 7680.75 8030.00 16450.25 21750.00 0.53 0.63 
72 WAB 56 36.93 42.08 8607.00 8793.75 19498.25 22099.00 0.53 0.59 
73 Thad 37.55 43.60 6405.50 7924.25 14704.50 19083.75 0.55 0.58 
74 Rex 39.18 41.73 7762.00 8079.00 17279.75 19604.25 0.54 0.55 
Means 39.37 42.54 7906.45 8050.27 17643.62 17958.81 0.52 0.52 
C represents control (well-watered), D represents drought stress. Physiological traits 
included chlorophyll content (SPAD), minimal fluorescence (Fo), maximal fluorescence 
(Fm), and maximum quantum efficiency (Fv/Fm) of 74 tropical rice genotypes, measured 
at the final harvest (37 DAS). Each value represents the mean of four replications. 
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The significant effect of drought on physiological traits is the decline in 
photosynthesis because of reduction in leaf expansion, photosynthetic machinery, 
premature leaf senescence and a related decrease in nutrient production (Wahid and Rasul 
2005). However, drought can also increase chlorophyll contents in some cases 
(Mensah et al. 2006) or may have no detrimental effect on chlorophyll contents 
depending upon the plant species, differences in the degrees of drought, timing of 
drought imposition, the growth stage of crop (Schlemmer et al., 2005) and interaction 
between stress and other factors are significant (Plaut 2003). Water deficit condition 
results in decreased stomatal conductance lower transpiration rate and lowers total water 
use because of a smaller leaf area index (Craufurad et al. 2000), stress-induced stomatal 
conductance, and depletion of inter-cellular CO2 leading to photoinhibition (Kokubun et 
al. 2001).  
In the present study, we found contrasting results where all physiological traits 
showed a positive response to drought, particularly chlorophyll content (SPAD) which 
increased significantly under drought. The increase in chlorophyll content was 
unexpected because chlorophyll content is mainly found in the green leaves and young 
stems and the leaves and stems both reduced considerably in terms of LA and TN,  This 
should, in turn, decreased the chlorophyll contents as well. No particular response was 
observed in physiological traits about drought stress; for example, maximum and 
minimum chlorophyll content (SPAD) were found in genotypes CT18593 and IR07F102 
that were both sensitive to drought stress. Like some of the root traits, minimum and 
maximum fluorescence (Fo, Fm) also increased slightly under drought. However, this 
increase was not significant which shows that chlorophyll fluorescence traits are not very 
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sensitive to drought and, therefore, may not play a significant role in the survival of 
plants under drought although they could help enhance growth, vigor, and yield indirectly 
by increasing photosynthetic activity. Adam et al. (2013) have reported similar results 
with increased Fo values and decreased Fv/Fm values in cultivated rice under drought 
stress. But, in the current study, maximum quantum efficiency (Fv/Fm) values remained 
unaffected and non-significant under drought conditions. 
4.5.5 Above-ground Biomass: 
All the above-ground biomass traits including LDW, SDW, and SHDW were 
reduced significantly under drought. The average LDW declined from 0.91 g in control to 
0.71 g under drought with the highest (1.22 g) and least (0.28 g) LDW found in 
genotypes IR86635 and IR49830 respectively. SDW ranged from 0.91 g in genotype 
FED21 to 0.22 g in genotype IR07F102, with an overall mean of 0.58 g under drought 
stress as compared to the overall mean of 0.67 g under the control condition. Similarly, 
drought also had an adverse effect of 0.29 g on the SHDW per plant. Overall, drought 
declined the above-ground biomass from 1.58 g in control to 1.29 g under drought (Table 
4.6). 
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Table 4.6 Effect of drought stress on the above-ground biomass measured at the 
harvest (37 DAS). 
Above-ground Biomass 
    LDW, g SDW, g SHDW, g 
S.N Genotypes C D C D C D 
1 GMET-15 1.21 0.81 0.91 0.67 2.12 1.48 
2 GMET-25 0.87 0.80 0.65 0.60 1.52 1.40 
3 75-1-127 0.78 0.65 0.57 0.55 1.36 1.20 
4 Apo 1.02 0.87 0.89 0.82 1.91 1.69 
5 BR47 0.88 0.58 0.75 0.48 1.63 1.06 
6 COL-XXI 0.63 0.49 0.37 0.31 1.00 0.80 
7 CT18233 0.82 0.68 0.42 0.42 1.24 1.09 
8 CT18237 1.10 0.85 0.89 0.73 1.99 1.58 
9 CT18244 1.31 0.88 0.94 0.65 2.25 1.53 
10 CT18245 0.93 0.84 0.52 0.46 1.45 1.30 
11 CT18247 0.82 0.74 0.67 0.70 1.49 1.44 
12 CT18372 0.81 0.80 0.55 0.60 1.36 1.40 
13 CT18593 0.77 0.61 0.49 0.45 1.26 1.06 
14 CT18614 0.95 0.78 0.61 0.69 1.56 1.47 
15 CT18615 0.95 0.88 1.03 0.88 1.98 1.76 
16 CT19561 0.85 0.80 0.70 0.78 1.55 1.58 
17 CT6510 0.60 0.62 0.46 0.52 1.05 1.13 
18 CT6946 0.88 0.76 0.63 0.65 1.50 1.40 
19 FED20 0.71 0.69 0.65 0.57 1.37 1.25 
20 FED21 1.12 1.06 0.99 0.91 2.11 1.96 
21 FED473 0.80 0.86 0.71 0.79 1.51 1.65 
22 FED-MO 0.84 0.69 0.60 0.55 1.43 1.24 
23 HHZ 12 0.94 0.60 0.56 0.39 1.51 0.99 
24 HHZ 1 0.92 0.77 0.64 0.64 1.55 1.41 
25 IR04A115 1.20 0.68 0.86 0.64 2.06 1.32 
26 IR05F102 0.96 0.85 0.78 0.71 1.74 1.56 
27 IR05N412 1.07 0.90 0.69 0.69 1.77 1.59 
28 IR06N155 1.20 0.75 0.86 0.62 2.06 1.37 
29 IR07F102 0.69 0.44 0.46 0.22 1.15 0.67 
30 IR07F287 0.94 0.71 0.76 0.62 1.70 1.32 
31 IR07K142 1.15 0.79 0.84 0.64 1.98 1.43 
32 IR08A172 0.95 0.73 0.72 0.69 1.66 1.42 
33 IR08N136 0.84 0.59 0.64 0.53 1.48 1.12 
34 IR09A130 0.96 0.84 0.55 0.60 1.51 1.44 
35 IR09F436 0.75 0.63 0.61 0.57 1.35 1.20 
36 IR09L179 0.54 0.48 0.29 0.40 0.83 0.88 
37 IR09L324 1.15 0.84 0.82 0.62 1.97 1.46 
38 IR09L337 0.89 0.78 0.82 0.64 1.71 1.42 
39 IR09N537 0.86 0.66 0.66 0.71 1.52 1.37 
40 IR10A134 0.83 0.58 0.64 0.55 1.47 1.13 
41 IR10N230 0.85 0.87 0.59 0.72 1.43 1.59 
42 IR49830 0.41 0.28 0.24 0.30 0.65 0.57 
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43 IR6 0.83 0.73 0.65 0.55 1.48 1.27 
44 IR64 0.95 0.71 0.78 0.71 1.73 1.42 
45 IR65482 0.72 0.56 0.50 0.45 1.22 1.01 
46 IR65600 0.83 0.63 0.62 0.61 1.45 1.25 
47 IR70213 0.91 0.57 0.62 0.48 1.54 1.05 
48 IR74371 0.84 0.66 0.68 0.46 1.52 1.12 
49 IR75483 0.94 0.70 0.76 0.65 1.70 1.35 
50 IR78049 0.77 0.56 0.45 0.29 1.22 0.86 
51 IR78221 0.98 0.76 0.55 0.69 1.52 1.45 
52 IR78222 0.96 0.76 0.57 0.68 1.52 1.44 
53 IR85411 1.28 0.95 0.73 0.76 2.01 1.71 
54 IR85422 1.06 0.73 0.63 0.66 1.69 1.39 
55 IR85427 1.08 0.67 0.83 0.56 1.91 1.22 
56 IR86052 0.91 0.76 0.75 0.69 1.66 1.45 
57 IR86126 0.97 0.56 0.66 0.42 1.63 0.98 
58 IR86-1 0.83 0.64 0.65 0.52 1.48 1.16 
59 IR86-44 0.97 0.78 0.63 0.49 1.60 1.26 
60 IR86-11 1.01 0.74 0.86 0.65 1.87 1.39 
61 IR86635 1.37 1.22 0.94 0.85 2.31 2.06 
62 IR88633 1.11 0.83 0.71 0.66 1.82 1.49 
63 IR93323 0.69 0.51 0.55 0.32 1.24 0.83 
64 IR93324 0.70 0.84 0.48 0.45 1.18 1.29 
65 IRRI 123 0.49 0.38 0.34 0.28 0.83 0.65 
66 IRRI 152 1.16 0.77 0.90 0.64 2.06 1.40 
67 IRRI 154 1.27 0.71 0.82 0.44 2.09 1.15 
68 IRRI 157 1.17 0.82 0.81 0.55 1.98 1.37 
69 MIL240 1.02 0.85 0.87 0.67 1.89 1.52 
70 MTU1010 0.93 0.74 0.75 0.63 1.68 1.38 
71 PALMAR 0.84 0.57 0.75 0.58 1.59 1.15 
72 WAB 56 0.58 0.50 0.57 0.45 1.15 0.95 
73 Thad 0.78 0.35 0.52 0.34 1.30 0.69 
74 Rex 0.82 0.70 0.61 0.60 1.43 1.30 
Means 0.91 0.71 0.67 0.58 1.58 1.29 
C – control (well-watered) and D – drought stress. Above-ground biomass includes leaf 
dry weight (LDW), stem dry weight (SDW), and shoot dry weight (SHDW) of 74 tropical 
rice genotypes, measured at the final harvest (37 DAS). Each value represents the mean 
of four replications. 
 
 
Maximum decline in biomass (2.06 g) was found in genotypes IR86635 (Fig 2) 
while minimum decline (0.57 g) was observed in genotype IR49830 (Fig 4.3). 
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Figure 4.2 Effect of drought on the biomass of drought sensitive (IR49830) rice 
genotype showing maximum declines, measured 37 DAS. 
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Figure 4.3 Effect of drought on the biomass of drought drought tolerant (IR86635) 
rice genotype showing least decline, observed 37 DAS. 
 
 
Water stress affects the dry matter of plants by reducing leaf area which also 
slows down the rate of photosynthesis leading to inadequate assimilates for organs 
development under drought (Mostajeran and Rahimi-Eichi 2009). Total dry biomass is 
highly associated with water stress and, therefore, could be an excellent attribute for 
estimating drought tolerance (Farooq et al. 2010). The decline in above-ground biomass 
was expected since above-ground biomass depends on the plant growth and 
developmental traits including PH, TN, LN and LA. The significant decrease in above-
ground biomass is because of the significant reduction in growth and developmental 
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parameters. Since the above-ground biomass is directly dependent on growth and 
developmental parameters, the more the PH, TN, LN and LA, the more the above-ground 
biomass of genotypes and vice versa. In the present study, growth and developmental 
traits were negatively affected by drought which in turn affected the above-ground 
biomass as well. For example, genotypes IR86635 and IR49830 showing the highest and 
least shoot dry weights, respectively, also had high and low growth and developmental 
traits.   
4.5.6 Classification of Rice Genotypes Based on Drought Response Indices: 
The cumulative drought stress response index (CDSRI) values of all the 
measured shoot, root growth and developmental, and physiological traits at an early 
growth stage and their standard deviations were used to classify the rice genotypes into 
four response groups (Table 4.7). 
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Table 4.7 Classification of rice genotype for drought tolerance, based on drought 
response indices of morpho-physiological traits at seedling.  
                      DS LDT MDT HDT 
  Genotypes CDSRI   Genotypes CDSRI   Genotypes CCDSRI   Genotypes TDSRI 
 IRRI 154 14.439  HHZ 12 18.281  IR09A130 20.776  IR78222 23.16 
 IRRI 157 15.91  IR78221 18.414  IR08A172 20.784  CT18233 23.443 
 IR06N155 16.005  IR75483 18.439  IR09L337 20.835  IR07K142 23.592 
 PALMAR 16.141  FED21 18.523  IR05F102 20.965  CT18247 24.203 
 IR86-11 16.321  IR05N412 18.532  GMET-15 20.966  CT18372 24.93 
 IR04A115 16.741  IRRI 152 18.554  IR86052 21.066  IR86635 26.825 
 CT18593 16.773  IR64 18.673  IR09L179 21.115  IR86126 28.884 
 BR47 17.051  IR09N537 18.674  IR86-44 21.147     
 IR07F102 17.089  IR6 18.784  CT6946 21.184     
 IR86-1 17.223  IR85411 18.977  COL-XXI 21.235     
 MIL240 17.253  FED-MO 19.12  Rex 21.245     
 IR85427 17.263  CT18245 19.218  CT18237 21.47     
 IR08N136 17.319  IR09L324 19.297  HHZ 1 21.938     
 Thad 17.505  CT18244 19.423  IR70213 22.603     
 CT18615 17.668  FED473 19.51  CT19561 22.92     
 IR85422 17.678  FED20 19.529          
 IR10A134 17.841  MTU1010 19.617          
 Apo 17.904  IR88633 19.688          
 IR74371 18.127  GMET-25 19.872          
     IR93324 19.937          
     IR10N230 20.052          
     IRRI 123 20.054          
     IR65600 20.066          
     IR49830 20.093          
     WAB 56 20.122          
     75-1-127 20.161          
     CT18614 20.223          
     IR93323 20.25          
     IR07F287 20.303          
     IR78049 20.312          
     IR65482 20.444          
     CT6510 20.469          
     IR09F436 20.511          
No. of genotypes:   19                       33                    15                     7 
Percentage:           26 %                     45 %                  20 % 9 % 
Categories include drought susceptible (DS), low drought tolerant (LDT), moderately 
drought tolerant (MDT), and highly drought tolerant (HDT), using shoot and root 
combined drought response indices of morpho-physiological parameters at seedling 
stage. 
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Out of the total 74 rice genotypes, nineteen genotypes (26%) were identified as 
drought sensitive, 33 (45%) as low drought tolerant, 15 (20%) as moderate drought 
tolerant, and 7 (9%) as highly drought tolerant genotypes. The least CDSRI value (14.44) 
was found in genotype IRRI 154 (Table 7), having extensive root structure and identified 
as high drought sensitive (Fig 4.3a). The highest CDSRI value (28.88) was observed in 
genotype IR86126 (Table 4.7), that was unable to maintain extensive root structure and 
was identified as highly drought tolerant (Fig 4.3b). 
CDSRI values were further used to compute the correlations between shoot, root, 
and physiological traits with the cumulative drought stress response index (Fig 4.4). The 
value of the coefficient of determination (R2) gives the percentage of differences in 
tolerance index described by each independent variable. An overall linear positive 
correlation was observed between cumulative drought stress response index (CDSRI) and 
total shoot traits (R2 = 0.36), root traits (R2 = 0.81), and physiological parameters (R2 = 
0.10) (Fig 4). Poor correlations were observed between CDSRI and physiological traits 
(R2 = 0.10) and shoot traits (R2 = 0.36); whereas a strong linear correlation was observed 
between CDSRI and root traits (R2 = 0.81) (Fig 4.4). These results indicate that root traits 
are more important in screening for drought tolerant rice genotypes at early growth stage 
as compared to shoot and physiological traits.  
CDSRI classified the rice genotypes into four different categories with most of the 
genotypes (48 out of 74 or 65%) identified as possessing low and moderate tolerance to 
drought, respectively. Correlations between shoot, root and physiological traits with 
cumulative drought stress response index revealed the highest positive linear correlation 
value for root traits, followed by shoot and physiological traits, indicating that root traits 
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play a more critical role in explaining the total or cumulative drought stress response 
index for rice genotypes as compared to shoot and physiological traits. The weak 
correlations between CDSRI and shoot and physiological traits signify that shoot and 
physiological are poor descriptors in screening and selecting rice genotypes for drought 
tolerance as compared to root traits and, therefore, should not be the focus in screening 
for drought tolerance at seedling stage. Overall, the studied rice genotypes exhibited 
substantial variability in all the measured shoot, root, and physiological traits in response 
to drought stress. Drought caused a significant decrease in LA, TN, and PH among the 
shoot traits causing 20%, 19%, and 16% decrease, respectively, within 25 days of 
treatment imposition at the early growth stage. However, drought had no significant 
effect on the physiological traits except chlorophyll content (SPAD). Similarly, all the 
above-ground biomass parameters also reduced significantly under drought. However, 
drought had no significant effect on the root growth and developmental traits except 
ARD. A stronger correlation between CDSRI and root indicate that root traits could play 
a more crucial role in screening and selecting rice genotypes for drought tolerance at the 
early growth stage. Most of the genotypes (65%) used in the current study revealed low 
to moderate drought tolerance and 9 % exhibited a high tolerance to drought stress. The 
identified drought highly tolerant genotypes might be useful for breeders to as potential 
donors in developing drought-tolerant high yielding rice cultivars in for future 
commercial production. At the same time, they can be utilized by other rice scientists as 
starting materials for understanding the mechanisms underlying drought tolerance that 
has increasingly become an important trait to introgress into rice to achieve and sustain 
global food security.
 
113 
CHAPTER V 
TWO-WAY MODIFIED MORPHO-PHYSIOLOGICAL SCREENING TECHNIQUE 
FOR EVAUALTING SALINITY TOLERANCE OF RICE GENOTYPES AT 
SEEDLING STAGE 
5.1 Abstract 
Rice (Oryza sativa L.) is one of the major staple food crops consumed globally. 
However, rice production has been severely affected by increasing salinity. Since rice is 
most sensitive to salinity at the seedling stage, it is essential to develop an efficient 
screening methodology to identify genotypes possessing genes for salt tolerance. An 
experiment was conducted to test a new screening technique in pot-culture for salinity 
tolerance in rice at the seedling stage. This method controls soil heterogeneity by using 
pure sand as a growth medium and minimizes the unexpected extreme weather conditions 
by using a movable shelter. Seventy-four rice genotypes were screened at three salinity 
treatments including high salt stress with electrical conductivity (EC 12 dSm-1), 
moderate salt stress (EC 6 dSm-1), and control, imposed one week after emergence. 
Several shoot and root morpho-physiological traits were measured at 37 days after 
sowing. A wide range of variability was observed among genotypes for measured traits 
with root traits being identified as the best descriptors for salt stress conditions. Stress 
response indices were used to classify 74 rice genotypes; 7 genotypes (9.46%) were 
identified as salt sensitive, 27 (36.48%) each as low and moderately salt tolerant, and 13 
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(17.57%) as highly salt tolerant. Genotypes FED 473 and IR85427 were identified as the 
most salt tolerant and sensitive, respectively. Results of salt stress response indices 
(SSRI) were further confirmed by principal component analysis (PCA) for accuracy and 
reliability. Although tolerant genotypes still need to be confirmed in field studies and 
tolerance mechanisms identified at the molecular level, information gained from this 
study could help rice breeders and other scientists in the selection of salt tolerant rice 
cultivars for use in rice breeding and salinity tolerance research. 
5.2 Background 
Rice (Oryza sativa L.) is one of the major food crops globally consumed by more 
than half of the world’s population (Dawe et al. 2010). As the global population is 
increasing rapidly, the demand for rice as a staple food also increases accordingly. 
Therefore, rice production must be increased quantitatively and improved qualitatively to 
meet the requirements of the growing population of the 21st century and to maintain 
global food security. Although rice has a wide geographic distribution extending from 
50N to 35S, it is vulnerable to climatic changes leading to unsustainable rice 
productivity. The rapidly changing climate is causing different abiotic stresses including 
drought spells, frequent floods, sea water inundations, etc. (Jagadish et al. 2012). Thus, 
rice production is subject to a variety of biotic and abiotic threats, which reduce yield 
potential of current rice varieties. Among abiotic threats, salinity is the second most 
devastating constraint in rice production across the world after drought, affecting 
approximately 1 billion ha of land globally (Fageria et al. 2012) and nearly 20% of the 
globally irrigated area (Munns 2002). It is mainly caused by the excessive use of 
irrigation water with improper drainage, poor quality irrigation water containing an 
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excess amount of salts, and flooding from seawater, all resulting in the accumulation of 
salts in arable land (Ismail et al. 2007). 
In the United States, salinity is becoming an increasing concern, particularly in 
Louisiana, which is the third largest rice producing state in the country (USDA National 
statistics service 2013). Because of its proximity to the Gulf of Mexico, water intrusion 
can easily occur in coastal areas during the hurricane season, making the land more 
vulnerable to increasing salinity. In California, salinity is mainly increasing due to 
irrigation practices at the seedling growth stage under the direct water-seeded system, the 
dominant irrigation system for rice production (Scardaci et al. 1996). Rice is sensitive to 
salt stress, particularly at the seedling and early vegetative stage (Lutts et al. 1995), and 
later at the reproductive stages (Ismail et al. 2007; Singh et al. 2009). Panicle length and 
spikelet number per panicle are significantly reduced by salt stress, (Khatun et al. 1995), 
leading to decreased yield. 
Tolerance to salt stress depends on multiple morphological and physiological 
traits. Previous studies have shown that among the physiological parameters, chlorophyll 
content, alterations in chlorophyll fluorescence (Fv/Fm), and membrane permeability are 
potential and efficient indicators to determine the inhibitory effect of salinity on 
photosynthetic efficiency (Baker 2008). Similarly, different morphological parameters 
including leaf area, tiller number, panicle length, root length, dry weight, biomass and 
relative growth rate, and relative water content have also previously been used to evaluate 
rice cultivars at the morphological and physiological (morpho-physiological) level for 
salinity tolerance (Zeng and Shannon 1998). Thus, assessing the cumulative effect of 
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morpho-physiological traits can help to build a comprehensive protocol to evaluate rice 
genotypes and understand plant mechanisms for salinity tolerance. 
Salinity tolerance in rice has been a target for improvement by rice breeders over 
the years across the world. Two of the key morphological factors in identifying salt 
tolerant genotypes are assessment of salinity sensitive growth stages, (e.g., seedling stage 
in rice, (Lutts et al. 1995) and growth parameters associated with salinity tolerance, (e.g., 
whole-plant biomass responses to salinity, (Ashraf and McNeilly 1987). Therefore, a 
proper screening method to identify salinity-sensitive and salinity non-sensitive growth 
parameters will aid assessment of germplasm for salinity tolerance. Morphological 
screening has been previously done based on agronomic and physiological parameters 
described as effective salinity indices, including shoot length, root length, plant biomass, 
shoot Na+/K+ ratio (Zeng et al. 2007; Gregorio and Senadhira 1993).  
In rice, screening for salinity tolerance can be done both at seedling and mature 
stages in the field and in the laboratory (or greenhouse) conditions. Mass screening under 
field conditions is more challenging due to soil heterogeneity and variation in natural 
environmental factors such as humidity and temperature, which interfere with 
physiological processes like chlorophyll efficiency, evapotranspiration, and ion transport. 
Most of the work on salinity tolerance, particularly at the seedling stage, has been done in 
the laboratory or green-houses under controlled conditions using solutions of NaCl alone 
or a mixture of NaCl + CaCl (Yeo and Flowers 1984). Greenhouse screening (solution 
culture) was initially thought to be more advantageous over the field screening method 
because of the controlled environmental conditions. However, it still has not proven to be 
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a very fruitful and practical technique because the solution culture does not truly 
represent the field condition and screened germplasm may not perform well in the field.  
Extensive research studies on the effect of salinity on rice have been conducted, 
but a proper understanding of the quantitative impacts and critical response thresholds for 
newly developed cultivars is still limited, particularly in conditions more representative 
of the field. Therefore, development of an intermediate, efficient, reliable, reproducible, 
and simple high throughput screening technique will improve the practical screening of 
salinity tolerance, particularly at early growth stages. Pot-culture screening under natural 
environmental conditions at early growth stages is a simple and rapid screening method 
and has been used to screen germplasm for salinity tolerance in other crops (Shannon 
1997). However, there has been insufficient work on the pot-culture screening of 
germplasm for salinity tolerance in rice.  
In the present study, we designed a new screening technique using pot-culture 
where we controlled soil heterogeneity by using pure sand as the growth medium and 
minimized unexpected extreme weather conditions by using a movable canopy when 
needed, yet simulated field conditions on other days by removing the canopy. We 
hypothesized that the selected rice genotypes would show a wide range of variability in 
morpho-physiological parameters in actual response to salt stress, making this screening 
methodology the first important step in the screening and selection of better rice varieties, 
paving the way to exploitation of desirable genotypic variation in rice breeding programs 
for salinity tolerance. The objectives were to (a) determine the quantitative effects of 
different levels of salinity stress on the selected rice genotypes; (b) identify the most 
important morpho-physiological descriptors of salinity and their critical threshold 
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responses at the early growth stage; and (c) explore the genetic potential of 74 rice 
genotypes for salt tolerance and cluster them into different salinity groups, based on root 
and shoot morpho-physiological parameters.  
5.3 Materials and Methods  
5.3.1 Experimental Conditions and Seed Material 
The experiment was conducted at the Rodney Foil Plant Science Research facility 
at Mississippi State University, Mississippi State, MS. A total of 74 rice genotypes were 
obtained from the International Rice Research Institute (IRRI), Philippines and used with 
local checks and well-known salt tolerant varieties as positive controls. PVC pots (15.2 
cm diameter and 30.5 cm high) were arranged in a randomized complete block design 
(RCBD) with four replications and 74 genotypes each. Pots were filled with the pure sand 
with 500g of gravel at the bottom of each pot and grown outdoors to simulate field 
conditions. Initially, 5 seeds were sown in each pot which was later thinned to one plant 
per pot one week after seedling emergence. Plants were irrigated three times a day (8 am, 
12 pm, and 5 pm) at 90 sec per instance through an automated and computer-controlled 
drip irrigation system. 
5.3.2 Salinity Treatment 
Three treatments included high salt stress (HSS) with electrical conductivity (EC) 
of 12 dS/m, medium salt stress (MSS) with EC of 6 dS/m, and control (C) (Hoagland 
nutrient with no additional salts added), were imposed one week after emergence. In a 
previous study, Ali et al. (2014) used low (6 dSm−1), moderate (8 and 10 dSm−1) and 
high (12 and 14 dSm−1) salinity treatments and reported that the low salinity treatment 
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reduced seedling morpho-physiological parameters much less than moderate and high 
treatments and was thus not used in the present study. A mixture of NaCl and CaCl2 (5:1 
molar concentration) was added to full-strength Hoagland nutrient solution (Hewitt 
1952), to achieve the final desired ECw of the solution, which was maintained 
continuously until harvest. ECw was measured and recorded with an electrical 
conductivity meter on alternate days by randomly measuring ten pots from each 
treatment. The pH of the nutrient solution was maintained between 5.0 and 6.5 until final 
harvest (∼1 month). 
5.3.3 Data Analysis 
5.3.3.1 Salt Stress Response Indices (SSRI) Computation 
Rice genotypes selected for this study were classified into different groups based 
on their individual responses to salt stress and subsequent summation of individual index 
values for each parameter (Raman et al. 2012). Individual salt stress response index 
(ISSRI) for moderate salt stress was calculated as the value of a parameter (Pm) at 
moderate salt stress for a given genotype divided by the value of the same parameter (Pc) 
at optimum condition (control) [Eq. 5.1]. Similarly, ISSRI for high salt stress were also 
calculated as the value of a parameter (Ph) at high salt stress for a given genotype divided 
by the value of the same parameter (Pc) at optimum condition (control) [Eq. 5.2].  
ISSRI (moderate) = Pm/Pc                [Eq. 5.1] 
ISSRI (high) = Ph/Pc                 [Eq. 5.2] 
The combined or cumulative moderate salt stress response indices (CMSSRI) and 
combined or cumulative high salt stress response indices (CHSSRI) were calculated by 
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adding all the individual ISSRI for all the 20 measured parameters at moderate [Eq. 5.3] 
and high salt stress [Eq. 5.4], respectively. 
CMSSRI = (PHm/PHc) + (TNm/TNc) + (LAm/LAc) + (LWm/LWc) + (SWm/SWc) + 
(RWm/RWc) + (TWm/TWc) + (LRLm/LRLc) + (F0m/F0c) + (FMm/FMc) + 
(FVm/FVc) + (Fv/Fmm/Fv/Fmc) + (TRLm/TRLc) + (SAm/SAc) + (ADm/ADc) + 
(RVm/RVc) + (RNm/RNc) + (TPm/TPc) + (FR m/FRc) + (CRm/CRc).             [Eq. 5.3] 
CHSSRI = (PHh/PHc) + (TNh/TNc) + (LAh/LAc) + (LWh/LWc) + (SWh/SWc) + 
(RWh/RWc) + (TWh/TWc) + (LRLh/LRLc) + (F0h/F0) + (FMh/FMc) + (FVh/FVc) + 
(Fv/Fmh/Fv/Fmc) + (TRLh/TRLc) + (SAh/SAc) + (ADh/ADc) + (RVh/RVc) + 
(RNh/RNc) + (TPh/TPc) + (FRh/FRc) + (CRh/CRc).                        [Eq. 5.4] 
Where “c” stands for control, “m” for moderate and “h” for high levels of salinity. 
Total salt stress response index (TSSRI) [Eq. 5.5] was calculated as the sum of CMSSRI 
and CHSSRI [Eq. [5.3] and [5.4], respectively. 
(TSSRI)= CMSSRI + CHSSRI                [Eq. 5.5] 
Finally, based on the TSSRI values of all the measured parameters and standard 
deviations, the 74 rice genotypes were classified into four response groups including salt 
sensitive (minimum TSSRI +0.5SD), low salt tolerant (minimum TSSRI +1.5SD), 
moderate salt tolerant (minimum TSSRI +2.5SD) and high salt tolerant (minimum TSSRI 
+3.5SD) genotypes. 
5.3.3.2 Root Image Acquisition Analysis 
At the final harvest, roots of all plants were cut from the stems and washed on a 
sieve thoroughly but cautiously to avoid any destruction to the overall root structure. All 
the roots were then scanned using the WinRHIZO optical scanner (Regent Instruments, 
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Inc., Québec, CA 2009). First, the 0.3- by 0.2-m Plexiglas tray was filled with 
approximately 5mm of tap water, making sure that roots floated in the tray and easily 
separated with a plastic paint brush to minimize overlapping. The tray was then placed on 
the top of a specialized dual-scan optical scanner, linked to a computer system. Gray-
scale root images were acquired by setting the parameters to high resolution (800 by 800 
dpi). Acquired images were analyzed for different root parameters including root surface 
area (SA), total or cumulative root length (TRL), average root diameter (AD), root 
volume (RV), number of roots having laterals (RNL), number of tips (TP), number of 
forks (FR), and number of crossings (CR) using WinRHIZO Pro software. 
5.3.4 Statistical Analysis: 
Means, standard deviations (SD), coefficient of variance (CV), and analysis of 
variance (ANOVA) were calculated using the SAS statistical program (v 9.4, SAS 
Institute, Inc., Cary, NC, 2011) for all parameters to determine the significant effects (P < 
0.05) of genotypes, salinity treatment, and their interaction as primary sources of 
variation. Data were analyzed as a randomized completed block design (RCBD) under 
two factors arrangement, with genotypes as the main factor and salinity as submain 
factor. Data were also analyzed via one-way ANOVA using PROC GLM in SAS to 
determine the effect of salt stress on developmental, physiological, and root parameters. 
The Fisher’s protected least significance difference test at P≤ 0.05 was employed to test 
the differences among the treatments for the measured parameters. The standard errors of 
the means were calculated using Sigma Plot 13.0 (Systat Software, Inc, San Jose, CA, 
2015) and presented in the figures as error bars. 
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PCA was performed on the correlation matrix of 74 rice genotypes and response 
variables including PH, LA, TN, LW, SW, RW, TW, LRL, TRL, SA, AD, RV, TP, FR, 
CR, FO, FM, FvFm, CHL, FLV, ANT, NBI. Initially, index values for each treatment 
were calculated by assessing the response of each shoot, root, and physiological 
parameter compared to its control value. Then, the responses of all the traits under each 
treatment were combined and used as index values for PCA analysis. These index values 
were used to identify the correlation of response variable vectors and genotypes across 
the ordination space. The analysis was performed using the PRINCOMP procedure in 
SAS, and results were summarized in biplots (plots of mean PC scores for the first two 
principal components) using SigmaPlot 13.  
5.4  Measurements 
5.4.1 Shoot Growth and Developmental Parameters 
Shoot growth and developmental parameters included plant height (PH), tiller 
number (TN), and leaf area (LA) for all the 74 rice genotypes used in this study. Plant 
height (PH), tiller number (TN) were measured one day before the final harvest, whereas 
leaf area (LA) was measured at the final harvest using the leaf-area meter, (LI-3100 Area 
Meter, Inc., Lincoln, Nebraska, USA). Leaves and stems were then stored separately in 
the oven at 75C for 25 days, and leaf dry weight (LW), stem dry weight (SW) and total 
dry weight (TD) were measured after they were permanently dried.  
5.4.2 Physiological Parameters 
Physiological parameters including chlorophyll contents (CH), flavonoids (FLV), 
anthocyanins (ANT), nitrogen balance index (NBI), were calculated on-site non-
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destructively using instruments like SPAD (SPAD 502 Minnilota Inc. Canada) meter and 
Fluro-pen (Photosystem Instrument Kolackova Czech Republic). SPAD meter was used 
for instant chlorophyll measurements for all rice genotypes. Similarly, fluorescence 
including minimal fluorescence intensity (Fo), maximal fluorescence intensity (Fm), 
maximal variable fluorescence (Fv), and maximum quantum efficiency or yield (Fv/Fm) 
were also measured on-site non-destructively using Fluro-pen 1000. 
5.5 Results 
Data for shoot and root morphological and physiological parameters for all the 
selected rice genotypes used in the current study, was analyzed and analysis of variance 
(P ≤ 0.001) revealed both significant and non-significant differences among the rice 
genotypes, salt stress treatments, and their interaction (genotypes x salt stress) for all the 
measured morpho-physiological shoot and root parameters. This significance can be 
exploited for breeding, and genotype x salinity level interactions need to be considered 
when studying verities under salt stress conditions.  
5.5.1 Shoot Growth and Developmental Parameters 
Shoot growth and developmental parameters including plant height (PH), tiller 
numbers (TN) and leaf area (LA) were significantly different among rice genotypes, 
salinity treatments, and salinity x genotype interaction in the current study (Table 5.1). 
PH was significantly higher at optimum (control) salinity level compared to moderate (6 
dSm-1) and high salinity levels (12 dSm-1), ranging from 30.25 cm (IR86052) to 13.0 cm 
(IR70213). At moderate salinity stress, it ranged from 22.71 cm (IR86052) to 8.33 cm 
(IRRI 123), with an average of 14.43 cm. However, at high salinity stress, PH reduced 
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significantly for all the rice genotypes, ranging from 19.33 cm (IR86052) to 5.83 cm 
(IR05N412), with an average PH of 14.43 cm (Table 5.1). 
Similarly, tiller number (TN) and leaf area (LA) also followed the same trend and 
significantly reduced at the high salinity level compared to the optimum salinity level. 
Average TN at optimum salinity level was 12, with a maximum of 20 and minimum of 4 
tillers in genotypes (IR07F287) and (IR10A134), respectively. Average TN reduced to 6 
tillers per plant at moderate salinity level, with maximum and minimum ranging from 11 
(IR86635) to 2 (75-1-127), respectively. Similarly, at high salinity level TN reduced 
significantly to an average of 4 tillers per plant, with a maximum of 7 (WAB) and a 
minimum of 1 (75-1-127) tiller per plant, respectively.  
Leaf area (LA) also reduced drastically, particularly under high salinity level for 
all the rice genotypes and ranged from 560.65 cm2 (CT18614) to 13.5 cm2 (75-1-127), 
with an average of 174.5 cm2 compared to the LA at optimum salinity level that varied 
from 1427.1 cm2 (IR86635) to 185.8 cm2 (IR10A134) and averaged 721.1 cm2 per plant. 
At moderate salinity level, maximum (879.6 cm2 plant-1) and minimum (105.4 cm2 plant-
1) LA was observed in genotypes (IR86635) and (IR09L179) respectively (Table 5.1).
 
125 
Table 5.1 Effect of salt stress on shoot growth and developmental parameters 
measured 30 (DAS). 
                                     Shoot growth and developmental Parameters 
  
Plant height Tillers Leaf area 
  cm plant-1 no. plant-1 cm-2 plant-1 
S.No Genotypes    C         MSS      HSS C         MSS      HSS      C            MSS        HSS 
1 12DS-15 18.1 16.3 11.0 12.0 7.7 3.5 685.0 489.1 109.7 
2 12DS-25 18.3 14.3 11.0 15.3 7.2 5.3 1224.9 415.8 378.0 
3 75-1-127 14.5 10.0 6.0 7.0 2.3 1.3 237.1 287.9 13.5 
4 Apo 17.5 14.0 7.5 13.0 6.8 3.8 703.2 405.4 147.8 
5 BR47 17.5 13.7 11.2 16.5 5.8 4.8 733.8 398.6 170.3 
6 COL XXI 16.5 13.3 9.8 12.0 8.1 4.0 815.8 394.8 157.7 
7 CT18233 18.5 15.3 11.2 11.3 7.8 5.4 649.5 413.6 164.5 
8 CT18237 16.5 12.2 9.9 12.0 5.7 4.1 883.3 325.5 159.3 
9 CT18244 19.5 16.7 11.4 14.8 6.7 4.3 1096.9 352.6 183.1 
10 CT18245 19.8 17.0 13.9 10.8 7.0 6.1 368.1 476.2 353.6 
11 CT18247 18.5 14.5 9.8 12.3 7.3 4.8 576.7 385.9 160.4 
12 CT18372 16.8 10.6 8.7 14.0 6.7 3.5 917.9 527.8 147.8 
13 NB 22.1 18.9 16.7 12.0 9.5 5.2 948.2 596.5 374.8 
14 CT18614 17.3 12.1 9.3 10.5 6.2 3.8 619.6 259.7 560.7 
15 CT18615 20.3 16.8 11.3 11.3 6.0 3.3 620.4 404.2 116.7 
16 CT19561 17.3 12.8 10.3 13.5 6.3 5.0 580.8 400.2 152.8 
17 Pokalli 26.5 17.7 14.5 14.3 8.3 3.7 890.8 632.4 217.7 
18 CT6946 17.0 14.8 10.7 8.5 5.9 3.7 754.3 249.2 115.7 
19 FED 2000 17.3 12.4 11.4 15.3 8.5 4.8 692.1 341.8 130.6 
20 FEDE 21 17.0 14.8 10.4 12.5 6.0 4.3 517.6 333.9 95.6 
21 FED 473 15.5 12.4 10.6 15.0 7.3 6.5 735.8 470.4 191.1 
22 FED CARE 19.3 16.7 10.3 12.3 8.8 4.3 1054.9 375.5 121.5 
23 HHZ 12 21.5 16.9 9.0 9.8 6.0 3.0 405.7 246.0 80.8 
24 HHZ 1 15.0 12.4 9.9 11.0 6.8 5.5 783.1 346.0 159.2 
25 IR04A115 18.5 14.1 11.8 13.0 6.3 3.8 769.0 245.3 153.0 
26 IR05F102 18.0 15.0 10.8 11.8 6.1 3.8 592.3 299.1 154.4 
27 IR05N412 15.3 10.2 5.8 14.3 7.0 4.8 872.6 365.7 160.9 
28 IR06N155 16.5 12.4 8.7 10.8 4.8 1.8 352.4 255.8 176.9 
29 IR07F102 19.5 16.3 12.8 12.0 8.3 5.7 902.1 440.4 216.7 
30 IR07F287 20.4 16.3 13.8 19.8 8.1 7.3 1071.2 471.2 277.1 
31 IR07K142 20.5 16.0 10.8 16.3 7.3 4.7 858.4 542.8 177.0 
32 IR08A172 19.8 16.3 10.2 15.0 7.8 4.8 679.6 403.3 201.0 
33 IR08N136 19.5 14.7 11.2 11.5 7.7 4.7 646.5 342.7 137.3 
34 IR09A130 19.3 14.3 11.3 16.0 6.8 5.4 1005.5 418.4 192.0 
35 IR09F436 16.8 14.7 10.2 5.3 3.3 1.8 354.5 203.8 41.5 
36 IR09L179 17.8 13.6 10.0 4.8 3.3 1.8 271.4 105.5 40.1 
37 IR09L324 19.5 16.4 13.2 13.0 7.7 4.8 918.9 306.7 192.6 
38 IR09L337 15.5 14.3 10.5 8.0 4.7 4.0 288.6 279.6 71.4 
39 IR09N537 19.4 12.7 8.8 11.0 5.7 2.8 584.7 255.7 179.0 
40 IR10A134 21.0 16.3 11.5 3.8 3.2 1.7 185.8 228.9 134.7 
41 IR10N230 16.3 12.5 8.9 15.5 8.8 5.0 947.5 424.7 160.7 
42 IR49830 20.3 13.8 12.2 7.5 6.1 3.9 513.8 315.4 104.4 
43 IR6-PAK 14.0 9.7 7.3 10.3 6.4 2.7 813.8 492.3 89.8 
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44 IR64-NIL 18.5 14.8 12.9 11.0 7.8 4.3 513.7 312.9 269.0 
45 IR65482 15.8 13.6 10.7 11.0 5.3 3.5 632.3 374.1 108.6 
46 IR65600 16.0 12.1 10.8 12.5 6.3 4.4 751.8 289.4 194.3 
47 IR70213 13.0 13.3 8.8 6.5 5.4 3.3 832.9 279.6 91.7 
48 IR74371 18.3 12.7 10.7 9.3 6.0 3.8 630.3 252.8 115.7 
49 IR75483 16.5 13.0 9.3 11.0 5.8 4.3 792.0 246.2 85.6 
50 IR78049 19.0 14.7 9.9 12.3 7.3 3.8 1148.8 404.0 196.0 
51 IR78221 18.8 13.8 11.6 12.0 5.7 3.7 688.2 271.6 92.4 
52 IR78222 19.8 15.7 10.0 13.0 6.0 5.7 752.7 251.1 128.9 
53 IR85411 18.5 14.0 13.1 15.0 6.8 7.3 644.4 341.6 199.0 
54 IR85422 20.0 15.4 12.8 13.8 6.3 5.1 914.6 408.3 315.6 
55 IR85427 24.3 17.8 16.0 9.5 5.3 3.7 909.2 306.4 153.1 
56 IR86052 30.3 22.7 19.3 9.3 4.3 4.0 501.6 257.7 195.9 
57 IR86126 17.1 14.0 10.3 11.0 3.7 2.3 496.8 387.6 151.7 
58 IR86174 14.5 11.7 9.7 15.3 6.7 4.3 917.2 348.1 211.5 
59 IR86174 20.3 17.0 12.3 16.0 7.7 5.4 629.4 365.0 243.5 
60 IR86174 19.8 15.5 11.4 7.5 5.7 4.0 752.7 364.4 196.3 
61 IR86635 17.1 14.7 10.7 17.3 10.7 7.0 1427.3 879.2 432.2 
62 IR88633 17.2 13.4 8.9 16.0 8.7 4.3 938.4 496.2 171.8 
63 IR93323 20.3 15.8 12.6 11.0 5.2 4.6 699.8 180.0 216.0 
64 Geumg 14.8 10.8 8.6 15.0 5.8 5.7 493.9 243.7 142.0 
65 IRRI 123 15.3 8.3 6.1 12.0 5.3 3.8 609.9 159.2 48.5 
66 IRRI 152 17.3 16.0 9.1 12.8 6.3 2.3 320.2 326.6 175.1 
67 IRRI 154 16.3 14.3 10.0 14.5 10.1 5.8 760.4 455.5 252.1 
68 IRRI 157 24.9 20.3 16.7 13.5 6.3 3.7 1418.3 342.5 207.6 
69 MIL 240 16.4 14.8 12.2 10.0 8.3 4.3 650.8 424.5 195.7 
70 MTU1010 18.3 12.3 10.6 11.3 7.3 4.6 838.1 424.9 179.3 
71 PALMAR 19.0 16.3 12.3 11.5 6.1 4.7 637.2 287.3 232.3 
72 WAB 16.8 12.8 14.3 13.5 5.7 7.3 943.1 242.0 248.2 
73 Thad 19.5 15.3 14.1 7.0 4.3 3.7 455.2 151.7 76.1 
74 Rex 16.7 14.8 10.5 6.5 3.3 2.3 537.3 170.5 65.1 
  Means 18.3 14.4 11.0 11.9 6.5 4.3 721.1 353.7 174.5 
 Genotypes *** *** *** *** *** *** *** *** *** 
 Salt  ***   ***   ***  
  G x S   ***     ***     ***   
C, MSS and HSS represent control, moderate salt stress and high salt stress respectively. 
Each value represents the mean of four replications. 
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5.5.2 Root Growth and Developmental Parameters 
Major root growth parameters including TRL, LRL, SA, AD, RV were 
significantly different among rice genotypes, salinity treatments, and salinity x genotype 
interaction in the current study (Table 5.2). The average TRL decreased significantly 
from 5968.3 cm at optimum salinity level to 4817.8 at high salinity level; however, at 
moderately salinity level average TRL was 5286.3 cm. TRL ranged from 7577.5 
(Geumg) to 3201.3 cm (IR10A134) at optimum, 6698.4 (IR07F102) to 2818.8 (IR1A134) 
at moderate, and 7516.7 cm (BR47) to 669.3 cm (75-1-127) at high salinity levels.  
Similarly, the LRL also reduced significantly from 43.1 cm at the optimum 
condition to 41.2 and 33.0 cm at moderate and high salinity conditions, respectively. 
Root surface area decreased with the increase of salinity level for all the genotypes. 
Hence, the average SA at optimum condition decreased from 1246.7 cm-2 to 1025.6 and 
679.0 cm-2 when the salinity level was increased to 6 dSm-1 and 12 dSm-1 respectively. 
The decreasing trend was also observed in AD and RV parameters with increasing 
salinity concentrations. The mean optimum AD (0.7 mm) decreased to 0.6 mm at 
moderate to 0.4 mm at high salinity level. RV was profoundly affected by high salt stress 
decreasing the mean RV from 21.9 cm-3 at the optimum condition to 8.2 cm-3 at high 
salinity level with electrical conductivity 12 dSm-1. Under high salt stress, RV ranged 
from 21.3 cm-3 in genotype (CT18245) to 0.8 cm-3 in genotype (75-1-127) which is 
significantly less than that at optimum condition, that ranged from 37.6 mm (IRRI 157) to 
5.5 mm (IR10A134) (Table 5.2).  
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Table 5.2 Effect of salt stress on root growth parameters measured 30 days after sowing.  
Root growth parameters 
    Total root length Longest root length Surface area Average diameter Root volume 
    cm plants-1 cm, plant-1 cm-2 plan-1 mm, root-1 plant-1 cm-3 plant-1 
S.No Genotypes C MSS HSS C MSS HSS C MSS HSS C MSS HSS C MSS HSS 
1 12DS-15 5744.5 5584.5 4316.4 38.5 45.0 33.0 1259.0 1142.5 541.9 0.7 0.7 0.4 22.1 18.6 5.5 
2 12DS-25 7057.7 4901.1 6809.4 51.8 42.8 37.0 1683.2 1201.7 1153.9 0.8 0.8 0.5 33.1 23.5 16.2 
3 75-1-127 4352.5 3670.9 669.3 40.0 33.3 16.5 639.2 642.2 79.5 0.5 0.5 0.5 7.8 9.0 0.8 
4 Apo 6651.4 6195.4 4361.2 43.0 47.8 26.3 1274.4 1245.8 649.3 0.6 0.6 0.4 20.0 19.9 8.2 
5 BR47 6193.3 6093.9 7516.7 47.0 44.3 39.8 1500.2 1060.5 1130.5 0.8 0.6 0.5 32.1 14.9 14.2 
6 COL XXI 6080.4 5768.0 4012.5 47.3 47.5 29.5 1345.5 1390.4 451.3 0.7 0.8 0.4 24.5 26.9 4.2 
7 CT18233 4820.0 6344.7 6586.6 39.0 46.8 37.8 942.7 1206.7 957.1 0.6 0.6 0.5 14.8 18.5 12.0 
8 CT18237 7342.6 5648.9 3488.7 49.8 44.8 27.8 1422.5 993.2 419.5 0.6 0.6 0.4 22.7 14.1 4.1 
9 CT18244 5683.7 6075.0 5040.3 45.0 45.0 36.0 1341.3 1260.8 699.3 0.7 0.7 0.4 26.1 21.2 7.9 
10 CT18245 6360.9 5538.6 6001.7 42.3 39.5 26.8 1479.7 1172.8 1257.4 0.7 0.7 0.6 27.6 20.4 21.3 
11 CT18247 6184.3 5707.9 5797.7 40.5 44.3 28.8 1330.3 1112.3 734.1 0.7 0.6 0.4 23.3 18.3 7.4 
12 CT18372 6429.9 3974.1 4339.5 45.0 35.5 32.3 1169.1 835.1 459.1 0.6 0.6 0.4 17.1 14.2 3.9 
13 NB 5733.5 6271.8 5152.7 37.3 43.3 34.0 1193.3 1366.6 815.5 0.7 0.7 0.5 19.8 24.0 10.4 
14 CT18614 5928.4 4387.8 5198.2 47.5 40.0 37.8 1192.3 899.2 657.3 0.7 0.7 0.4 19.8 14.7 6.7 
15 CT18615 6365.9 6222.4 4033.6 38.8 42.0 30.0 1246.2 1239.6 465.8 0.6 0.6 0.4 20.5 19.8 4.4 
16 CT19561 6246.1 4633.7 4694.9 42.0 38.5 30.5 1296.2 946.1 643.4 0.7 0.7 0.4 21.5 15.5 7.5 
17 Pokalli 5962.9 6256.3 4883.8 38.5 41.8 34.3 1351.7 1349.3 650.5 0.7 0.7 0.4 26.6 23.5 7.2 
18 CT6946 6453.5 6007.4 4950.2 48.3 41.0 38.5 1371.8 991.2 686.8 0.7 0.5 0.4 23.6 13.1 7.8 
19 FED 2000 5571.7 5439.4 5884.2 40.5 39.3 35.0 1325.9 1136.1 1012.0 0.8 0.7 0.5 26.1 19.6 14.6 
20 FEDE 21 6102.7 4983.0 4270.0 39.8 42.8 30.5 1109.6 968.8 611.6 0.6 0.6 0.4 17.1 15.6 7.7 
21 FED 473 4621.4 6223.3 6158.4 30.8 44.8 26.0 1030.9 1160.6 1129.4 0.7 0.6 0.6 18.9 17.5 16.9 
22 FED CARE 6431.8 6427.2 4864.8 43.8 51.3 35.0 1529.0 1394.3 747.5 0.8 0.7 0.4 29.3 24.7 10.0 
23 HHZ 12 6197.1 6247.0 3288.6 47.0 42.3 34.0 1165.4 1130.2 583.8 0.6 0.6 0.5 17.7 16.3 8.6 
24 HHZ 1 6220.5 5645.3 6617.1 44.0 40.5 39.8 1152.1 1049.4 865.1 0.6 0.6 0.4 18.3 16.3 9.4 
25 IR04A115 6142.3 6094.1 5689.2 43.5 40.8 32.5 1346.6 1119.7 725.1 0.7 0.6 0.4 24.1 16.7 7.9 
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26 IR05F102 5978.6 4595.0 5522.4 38.8 35.3 30.8 1217.8 918.0 615.3 0.6 0.6 0.4 20.4 15.2 5.6 
27 IR05N412 5343.9 5290.1 4206.9 36.5 34.8 27.8 1081.1 1011.8 421.9 0.7 0.6 0.3 17.7 15.5 3.5 
28 IR06N155 3896.7 4511.7 1549.0 37.8 42.8 21.5 597.3 578.1 164.5 0.5 0.4 0.4 7.4 6.1 1.4 
29 IR07F102 7021.1 6698.4 5734.1 45.8 41.5 41.0 1444.4 1262.0 951.6 0.7 0.6 0.5 24.6 19.0 14.3 
30 IR07F287 6660.8 4783.0 4026.5 47.0 38.3 31.0 1434.9 1052.0 756.6 0.7 0.7 0.5 25.2 18.7 12.8 
31 IR07K142 5121.5 6285.4 3754.8 39.5 42.0 34.3 1182.3 1374.0 449.6 0.7 0.7 0.4 22.6 23.9 4.4 
32 IR08A172 7561.8 4991.2 4120.1 43.0 41.8 35.3 1505.5 1370.8 477.9 0.6 0.9 0.4 24.3 30.0 4.6 
33 IR08N136 4213.4 5958.8 5266.0 36.3 37.3 34.0 920.5 1031.5 827.6 0.7 0.6 0.5 16.7 14.3 10.9 
34 IR09A130 5800.8 4732.0 4805.6 40.8 40.5 35.3 1455.5 1136.4 670.6 0.9 0.8 0.5 32.5 21.8 7.5 
35 IR09F436 4312.4 2869.1 2034.4 31.8 32.0 13.3 707.6 393.2 184.5 0.5 0.4 0.3 9.4 4.3 1.3 
36 IR09L179 3535.0 3881.5 2022.2 33.5 36.3 17.0 529.3 510.2 260.4 0.5 0.4 0.4 6.3 5.4 2.7 
37 IR09L324 6083.3 5702.8 3947.0 44.8 51.5 39.3 1366.9 1187.2 516.1 0.8 0.7 0.4 26.5 20.4 5.4 
38 IR09L337 5012.7 2923.7 4296.1 42.5 38.5 28.0 747.6 538.7 579.9 0.5 0.6 0.4 9.1 8.0 6.3 
39 IR09N537 6586.3 6084.5 3302.6 46.8 37.8 30.5 1309.3 1024.1 430.5 0.6 0.5 0.4 21.1 13.9 4.7 
40 IR10A134 3201.3 2818.8 4332.6 32.0 33.3 17.0 469.3 368.7 619.7 0.5 0.4 0.4 5.5 3.8 7.9 
41 IR10N230 5658.0 4802.7 4743.7 50.3 39.8 32.3 1088.0 940.0 777.6 0.6 0.6 0.5 17.0 14.7 11.0 
42 IR49830 6725.1 4563.7 4900.4 36.5 43.0 28.3 1103.9 777.9 718.7 0.5 0.5 0.4 14.5 10.8 9.1 
43 IR6-PAK 5716.3 4593.9 4131.4 39.8 39.5 26.0 1176.6 1038.0 536.4 0.7 0.7 0.4 20.4 18.7 5.8 
44 IR64-NIL 7245.7 6244.8 6329.6 50.3 40.0 37.3 1561.1 1235.8 816.2 0.7 0.6 0.4 27.3 19.5 8.8 
45 IR65482 6079.2 4621.9 3815.2 42.5 34.5 26.8 1406.6 787.6 528.1 0.7 0.5 0.4 26.9 10.7 5.9 
46 IR65600 5561.9 4851.4 4250.2 43.5 40.0 32.0 1289.3 877.4 546.0 0.7 0.6 0.4 25.5 12.8 5.6 
47 IR70213 6251.4 6011.9 5389.0 38.8 46.3 37.3 1526.1 1019.4 738.0 0.8 0.5 0.4 31.7 13.8 8.4 
48 IR74371 7126.2 5923.5 4424.6 48.8 45.0 23.8 1402.8 1018.4 704.9 0.6 0.6 0.5 22.3 14.0 10.0 
49 IR75483 5498.0 5518.2 4130.7 41.5 41.3 36.5 1138.9 830.3 474.3 0.7 0.5 0.4 20.2 10.1 4.4 
50 IR78049 6368.4 5668.2 5298.9 44.3 42.3 42.0 1404.5 1152.7 621.8 0.7 0.7 0.4 25.2 18.9 6.0 
51 IR78221 6083.5 4520.4 3995.8 45.3 41.5 35.3 1504.9 933.4 482.5 0.8 0.7 0.4 31.7 15.3 4.7 
52 IR78222 6149.5 5230.4 5017.4 46.5 41.8 35.8 1294.6 863.9 576.6 0.7 0.5 0.4 23.7 11.6 5.5 
53 
IR85411 
5742.9 6060.5 6088.7 40.3 44.0 37.5 1155.6 1301.7 893.1 0.6 0.7 0.5 18.7 22.4 11.2 
54 IR85422 6266.3 6481.9 6733.4 46.5 37.8 43.3 1538.5 1199.7 1102.9 0.8 0.6 0.5 33.0 17.7 14.8 
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55 IR85427 6394.6 4414.6 4131.8 43.5 35.5 39.8 1219.8 726.7 453.0 0.6 0.5 0.4 18.6 9.6 4.0 
56 IR86052 7122.0 5181.7 5085.5 51.8 40.3 41.3 1460.9 968.3 899.1 0.7 0.6 0.5 24.6 15.1 12.8 
57 IR86126 5685.1 3591.2 2590.7 45.0 32.8 19.3 957.2 641.5 362.3 0.5 0.6 0.4 13.2 9.1 4.1 
58 IR86174 6643.8 6335.7 6161.2 44.3 41.3 33.3 1471.7 1077.4 995.7 0.7 0.5 0.5 27.7 14.9 12.9 
59 IR86174 6617.8 5099.5 5880.1 43.5 40.8 40.0 1277.9 1094.4 857.9 0.6 0.7 0.5 21.1 18.8 10.6 
60 IR86174 5907.1 4982.6 4613.4 39.0 39.3 40.0 1159.0 1101.2 657.8 0.6 0.7 0.4 18.8 19.5 7.9 
61 IR86635 7355.5 5359.3 7144.1 44.5 44.3 36.3 1732.6 1236.9 1107.1 0.8 0.7 0.5 33.1 23.7 14.6 
62 IR88633 6493.3 5690.9 5243.5 43.0 42.3 35.5 1394.5 1218.8 674.3 0.7 0.7 0.4 24.3 20.8 7.2 
63 IR93323 5991.7 5293.6 4765.0 49.0 44.8 32.8 1268.8 967.9 796.8 0.7 0.6 0.5 22.3 14.1 10.7 
64 Geumg 7577.5 4988.6 7384.3 44.3 42.0 44.8 1420.4 846.5 955.8 0.6 0.5 0.4 21.9 11.4 9.9 
65 IRRI 123 4761.4 5179.2 2682.2 39.0 42.0 22.0 899.1 883.4 292.2 0.6 0.5 0.4 14.2 12.1 2.5 
66 IRRI 152 4919.9 4037.7 3142.7 40.0 41.5 24.3 1031.4 780.4 330.5 0.7 0.6 0.3 17.6 12.2 2.8 
67 IRRI 154 5891.3 6021.0 6625.1 44.5 40.5 29.0 1232.1 1147.5 826.6 0.7 0.6 0.4 22.1 17.7 8.3 
68 IRRI 157 5368.5 5156.3 5559.4 45.8 40.5 31.0 1571.8 1225.5 858.8 0.9 0.8 0.5 37.6 23.2 11.2 
69 MIL 240 6127.0 6168.5 6650.8 46.5 45.8 38.8 1351.2 1224.5 775.5 0.7 0.6 0.4 24.8 19.5 7.3 
70 MTU1010 6789.4 5356.6 5163.0 51.3 39.0 51.5 1716.4 1213.6 825.5 0.8 0.7 0.5 37.0 22.0 10.8 
71 PALMAR 6208.8 6340.2 7503.1 53.3 41.5 40.0 1212.1 1298.0 1090.1 0.6 0.7 0.5 19.0 21.6 13.3 
72 WAB 6197.0 5558.0 6172.0 49.5 39.3 42.8 1421.7 948.7 1104.7 0.7 0.5 0.6 26.4 12.9 17.0 
73 Thad 5992.9 4861.8 4450.8 46.3 43.5 47.3 1237.2 821.3 508.1 0.7 0.5 0.4 21.5 11.2 4.7 
74 Rex 5929.6 4006.2 2775.8 45.3 45.8 32.0 961.5 723.8 301.9 0.5 0.6 0.4 12.4 10.9 2.6 
  Means 5968.3 5286.3 4817.8 43.1 41.2 33.0 1246.7 1025.6 679.0 0.7 0.6 0.4 21.9 16.3 8.2 
 Genotypes *** *** *** *** *** *** *** *** *** *** *** ** *** *** *** 
 Salt  ***   ***   ***   ***   ***  
  G x S   ***     ***     **     ***     ***   
C, MSS and HSS represent control, moderate salt stress and high salt stress respectively. Each value represents the mean of four 
replications. Each value represents the mean of four replications. 
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Major root developmental parameters including TP, FR, and CR were 
significantly affected by salinity stress in most of the rice genotypes (Table 5.3). The 
average number of TP under optimum condition was 33308, with maximum TP (41336) 
and minimum (20850) TP expressed in genotypes (IR86635) and (IR10A134), 
respectively. However, at high salt stress, average TP decreased significantly to 30282.8 
and genotypes (BR47) and (75-1-127) expressed the highest (45566) and lowest (5476) 
number of TP, respectively. Similarly, the number of FR and CR were also significantly 
affected as the level of salinity increased from optimum to 12 dSm-1, decreasing the 
overall mean of FR and CR from 108884.8 and 7759.8 under control condition to 
72119.2) and 6239.3 at high salinity level, respectively. 
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Table 5.3 Effect of salt stress on root developmental parameters measured 30 days after sowing. 
Root developmental parameters 
  Tips, no. plant
-1  Forks, no. plant-1 Crossings, no. plant-1 
S.No Genotypes C MSS HSS C MSS HSS C MSS HSS 
1 12DS-15 32814.7 32571.0 26673.3 111674.7 101004.0 59984.3 7698.0 6698.7 5088.7 
2 12DS-25 31776.3 24604.7 39289.7 128486.3 81853.7 106946.7 8308.3 4449.3 7797.3 
3 75-1-127 28253.3 24395.7 5476.0 61464.0 56241.7 6841.3 5035.0 3600.3 649.7 
4 Apo 38546.0 34908.0 26229.0 119729.3 106635.7 62002.3 9927.0 7392.7 4973.3 
5 BR47 33436.0 40827.0 45566.3 129611.3 103564.3 124605.7 9132.7 7143.0 10991.0 
6 COL XXI 32943.7 31824.3 24202.0 110794.0 106497.7 47972.7 7820.3 6811.0 4628.7 
7 CT18233 31654.7 36014.3 35365.3 88791.0 105271.7 100965.3 6404.3 7122.0 9353.0 
8 CT18237 39459.0 33460.3 24764.7 132320.0 92738.3 47819.3 9666.0 6922.0 4166.7 
9 CT18244 30647.7 33242.7 27136.0 107631.0 102136.0 68197.7 7096.3 6382.3 6115.7 
10 CT18245 35646.0 32497.7 29389.3 121759.7 95973.7 111642.0 8762.0 6227.0 7667.3 
11 CT18247 31539.3 33759.7 35841.7 106878.0 97429.7 87168.7 7163.7 6564.0 7989.0 
12 CT18372 37163.7 24358.0 24907.0 116375.7 70570.3 64253.0 8746.7 4194.0 6847.3 
13 NB 32975.3 32022.0 29429.3 103779.0 100018.7 80902.7 7556.7 6092.3 6706.3 
14 CT18614 36437.7 29442.3 33767.0 113114.0 85550.7 69737.7 8519.3 6016.7 5727.3 
15 CT18615 38293.0 36513.7 27751.7 120592.3 105768.7 69824.7 8754.0 6246.0 8121.0 
16 CT19561 32430.3 28586.3 30350.3 118368.3 78387.7 63584.7 8206.3 5331.7 5347.3 
17 Pokalli 38601.7 35939.0 34073.0 110153.7 101801.0 66450.0 7965.0 6195.0 5872.3 
18 CT6946 32775.0 39475.0 33934.7 113465.3 103078.7 80911.3 7020.3 7348.3 6919.0 
19 FED 2000 27681.0 30525.3 29778.0 98603.7 94302.3 89829.3 6512.7 5760.3 6686.3 
20 FEDE 21 39456.3 27110.3 27040.7 108174.7 84067.7 64988.0 8285.3 5524.0 5744.3 
21 FED 473 28827.0 38143.7 40754.7 100380.0 115572.0 123147.7 7653.7 8336.3 10244.0 
22 FED CARE 35646.0 32942.7 30914.0 126946.7 114115.3 71038.7 8459.3 7196.7 5839.7 
23 HHZ 12 35964.3 35454.3 18419.7 93550.3 94252.0 41974.0 6117.3 6398.3 2577.7 
24 HHZ 1 39779.0 33769.7 38950.7 115196.0 97663.0 93206.3 8844.7 6887.3 8080.7 
25 IR04A115 32348.7 35719.7 35662.7 111653.3 117154.7 97795.7 7263.0 8619.0 10121.0 
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26 IR05F102 31579.7 27937.3 40397.3 99725.7 80961.3 71270.0 6708.0 5224.3 6670.7 
27 IR05N412 36128.7 33679.7 34536.0 116079.7 100662.0 56359.0 9543.7 7739.0 5660.0 
28 IR06N155 28924.3 33241.3 11850.3 70331.7 70267.7 19455.7 6012.0 6430.3 1840.0 
29 IR07F102 36581.7 39490.0 34823.7 120920.7 111707.3 85656.3 8019.0 7567.0 6695.0 
30 IR07F287 31484.3 24032.3 23276.3 128855.3 76504.0 64106.7 9171.0 4587.0 4859.0 
31 IR07K142 30804.7 33132.3 24287.3 97072.3 108091.7 49185.7 6881.7 6533.0 4521.7 
32 IR08A172 38046.0 26678.3 28034.3 139451.7 91755.3 47874.0 9996.7 4925.7 4349.3 
33 IR08N136 23888.7 32248.3 30304.7 76254.7 89178.0 77145.7 5201.0 5680.3 5785.3 
34 IR09A130 28631.7 25843.3 28284.3 107565.3 78448.7 63963.0 7065.3 4350.0 4811.7 
35 IR09F436 23128.0 19850.3 25678.0 73478.7 42217.0 20360.3 5689.3 3124.0 1881.0 
36 IR09L179 22150.3 21962.7 13008.3 61139.0 58056.0 24675.3 5323.0 5234.0 2054.3 
37 IR09L324 32404.7 28970.0 23923.0 114769.7 100464.3 50038.7 7614.0 6513.3 3866.3 
38 IR09L337 28937.7 17875.0 25992.0 74243.3 42960.3 74356.7 5673.3 2396.0 6833.3 
39 IR09N537 36810.3 42692.3 23301.7 125572.7 112066.3 47395.0 9555.3 8511.3 3953.3 
40 IR10A134 20850.0 17565.0 25679.7 51729.0 42361.7 63448.3 3881.0 3217.3 5506.7 
41 IR10N230 32816.0 28833.0 33548.0 97325.7 72792.0 65065.7 6813.7 4543.3 4487.0 
42 IR49830 37851.7 28667.0 30108.3 110114.0 67737.0 74718.3 8359.7 4364.0 6288.0 
43 IR6-PAK 28671.0 27130.7 20193.0 99572.3 82524.0 46321.0 7603.3 5140.3 3856.0 
44 IR64-NIL 32667.7 38669.0 36857.3 128752.7 129059.7 104229.7 8560.3 9982.3 9523.7 
45 IR65482 33847.3 28934.0 24575.7 107205.7 73306.3 56947.0 6382.3 5011.7 4787.7 
46 IR65600 33434.3 28764.0 33320.3 108817.3 74708.3 67021.3 7513.0 4689.3 6185.0 
47 IR70213 32773.3 40320.7 33809.3 114867.0 105555.7 80666.0 7269.7 7858.7 7419.0 
48 IR74371 40845.7 39645.3 29359.3 114377.7 95927.0 72657.0 7239.3 6438.3 6092.7 
49 IR75483 34579.7 39723.3 28261.3 101673.7 88487.0 61184.3 7079.7 7229.7 6028.7 
50 IR78049 35752.7 32792.3 34307.3 130673.3 95906.0 71576.7 9434.0 6441.7 6929.3 
51 IR78221 32604.3 27360.3 30641.7 122979.3 70814.7 54528.7 9038.3 4122.3 4887.0 
52 IR78222 37762.0 33101.7 33201.0 117093.0 80291.7 67297.3 9162.0 6176.7 6762.3 
53 IR85411 32421.0 33474.7 39408.0 101524.7 109995.0 110434.7 6669.3 7153.0 10128.3 
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54 IR85422 34053.0 33478.0 37567.3 131531.3 101744.7 113466.0 10693.0 6349.0 8641.7 
55 IR85427 39797.0 31181.0 29168.7 124492.3 77959.3 60825.3 9340.3 5560.7 6422.7 
56 IR86052 38229.7 27758.3 29319.7 128852.0 81271.3 74554.7 9160.3 5439.3 4928.3 
57 IR86126 37094.0 23590.7 15738.3 97833.0 59607.0 37570.0 7546.3 4242.0 2972.3 
58 IR86174 34795.3 38572.0 31857.7 122291.3 96476.0 109813.7 8810.3 6897.0 8565.7 
59 IR86174 34150.0 28839.7 37222.3 119965.3 78840.3 86204.0 9479.0 4704.0 7492.3 
60 IR86174 31980.3 28306.7 27242.0 105910.7 88192.0 59797.0 7905.3 5432.7 4712.0 
61 IR86635 41336.0 34482.0 44686.0 155452.3 102896.3 113996.3 11426.0 6967.3 9791.3 
62 IR88633 32420.7 30009.3 30285.3 106553.7 101115.7 72085.0 6923.3 6690.7 6291.3 
63 IR93323 32267.0 31323.7 29631.3 118448.3 91195.0 68156.3 8356.7 6634.0 4752.7 
64 Geumg 38324.3 28702.0 40687.7 133385.7 81919.0 119839.7 10576.7 6233.7 11888.3 
65 IRRI 123 29565.7 29208.7 20172.0 74126.7 82618.0 39898.7 4863.0 5920.7 4200.0 
66 IRRI 152 28798.3 25523.0 26522.0 97314.7 70960.7 37399.0 7169.3 4687.3 3610.3 
67 IRRI 154 30661.7 32538.7 43397.3 89295.7 100801.3 109888.3 5815.7 6392.3 10300.7 
68 IRRI 157 32224.3 28141.0 33630.3 121135.3 95650.7 86218.3 7622.0 5848.7 6936.7 
69 MIL 240 36459.0 35963.3 44750.7 113176.7 103350.3 100861.3 7703.3 7063.0 10247.3 
70 MTU1010 34653.0 34865.7 31603.3 134771.0 99820.0 91502.0 8431.0 6297.7 6997.7 
71 PALMAR 38301.3 37395.7 42895.7 111973.3 116699.0 117678.3 7671.0 8156.7 9765.7 
72 WAB 31439.0 33280.3 37771.0 121332.7 89558.7 107915.3 8234.7 6275.0 8140.0 
73 Thad 30590.3 26816.3 28996.7 91831.0 57767.0 51067.3 6190.0 4188.0 5323.0 
74 Rex 26177.3 22624.0 21150.0 76144.0 49713.3 28355.7 5929.3 3296.3 2814.7 
  Means 33308.0 31261.1 30282.8 108884.8 89089.3 72119.2 7759.8 5998.9 6239.3 
 Genotypes * *** *** *** *** *** N.S *** ** 
 
Salt 
 ***   ***   ***  
  G x S   *     *     N.S   
C, MSS and HSS represent control, moderate salt stress and high salt stress respectively. Each value represents the mean of four 
replications. Each value represents the mean of four replications. 
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Overall, higher number of TR, FR and CR were observed in moderately salt 
tolerant genotypes (BR47, Geumg) indicating that salt tolerant genotypes develop 
extensive root systems, whereas the salt sensitive genotype (75-1-127) showed the least 
number of TR, FR, and CR indicating a less vigorous root system under salinity stress 
(Table 5.3). 
5.5.3 Physiological Parameters 
Among the major physiological parameters FLV and ANT showed non-
significant differences among the genotypes particularly at high salinity level; however, 
CH and ANT were significant (P>0.001) under control and at moderate salinity level. 
Unlike other physiological parameters, NBI was found significantly different among rice 
genotypes at all three treatment conditions. Interestingly, genotype X salinity interaction 
was observed as non-significant for all the physiological parameters under optimum as 
well as moderate and high salinity levels. A surprising change was observed in the mean 
CH contents which increased from 21.4 µg cm-2 at the optimum condition to 24.9 µg cm-2 
at moderate salinity level but declined to 19.7 µg cm-2 at high salinity level. A similar 
trend was also observed in the average NBI with an increase from 20.2 to 22.7 at 
moderate salinity level which decreased to 18.3 at high salinity level. However, no 
significant changes were observed in the average FL and ANT at different salinity levels 
(Table 5.4).  
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Table 5.4 Effect of salt stress on physiological parameters measured 30 DAS. 
Physiological Parameters 
S. 
No Genotypes 
Chlorophyll, µg cm-2 Flavonoids Anthocyanin Nitrogen balance index 
C MSS HSS C MSS HSS C MSS HSS C MSS HSS 
1 12DS-15 19.4 20.9 13.2 1.0 1.0 0.8 0.2 0.2 0.2 20.3 20.5 13.8 
2 12DS-25 21.2 25.6 23.2 1.0 1.1 1.1 0.1 0.2 0.2 21.7 23.5 21.5 
3 75-1-127 22.9 26.6 18.9 1.0 1.2 0.8 0.1 0.2 0.2 23.9 22.6 24.5 
4 Apo 19.4 23.1 20.7 1.2 1.2 1.2 0.2 0.2 0.1 16.7 18.7 19.0 
5 BR47 27.7 30.2 27.5 1.0 1.1 1.2 0.1 0.1 0.1 26.2 26.9 22.4 
6 COL XXI 19.5 27.8 22.4 1.1 1.1 0.9 0.2 0.1 0.1 18.2 24.0 24.7 
7 CT18233 23.5 26.2 29.1 1.1 1.2 1.3 0.2 0.1 0.1 21.9 21.6 23.8 
8 CT18237 27.2 26.5 22.5 1.2 1.1 1.0 0.1 0.1 0.2 23.2 24.7 21.8 
9 CT18244 15.0 19.0 20.6 1.1 1.1 1.1 0.2 0.2 0.2 14.0 17.0 16.7 
10 CT18245 15.0 29.7 29.3 1.0 1.1 1.3 0.2 0.1 0.2 14.8 26.9 24.0 
11 CT18247 21.9 26.3 24.8 1.0 1.0 1.1 0.2 0.1 0.2 21.8 25.6 23.4 
12 CT18372 21.0 21.2 12.6 1.0 1.1 0.9 0.2 0.2 0.2 19.9 18.8 14.0 
13 NB 9.2 13.6 8.0 0.9 1.0 1.1 0.3 0.2 0.3 10.3 13.9 7.5 
14 CT18614 20.7 20.8 8.8 1.1 1.2 0.9 0.2 0.2 0.3 18.3 15.1 9.3 
15 CT18615 22.1 24.3 16.9 1.0 1.1 1.0 0.2 0.2 0.2 21.0 21.1 17.3 
16 CT19561 20.1 26.6 21.2 0.9 1.0 1.0 0.1 0.2 0.2 21.9 26.2 20.1 
17 Pokalli 16.8 17.6 13.9 1.1 1.0 1.0 0.2 0.2 0.2 15.3 16.8 8.3 
18 CT6946 15.2 17.1 16.5 1.1 1.0 1.0 0.6 0.2 0.2 14.5 16.9 16.1 
19 FED 2000 23.4 28.7 22.6 1.0 1.1 1.1 0.1 0.1 0.2 20.0 27.3 22.6 
20 FEDE 21 15.6 24.0 17.9 1.1 1.1 1.1 0.2 0.2 0.2 13.8 21.4 16.1 
21 FED 473 16.0 24.1 18.0 1.0 1.0 0.9 0.2 0.1 0.2 15.3 23.1 15.7 
22 FED CARE 19.2 21.1 20.6 1.1 1.1 1.1 0.2 0.2 0.2 18.2 18.7 20.0 
23 HHZ 12 17.9 20.3 11.7 1.1 1.0 1.0 0.2 0.2 0.2 15.9 20.8 11.2 
24 HHZ 1 12.1 19.1 16.6 0.9 1.1 1.1 0.2 0.2 0.2 13.2 17.0 14.3 
25 IR04A115 23.1 27.8 17.5 1.2 1.2 1.0 0.2 0.1 0.1 19.9 26.1 16.7 
26 IR05F102 16.9 21.9 13.2 1.0 0.9 0.9 0.2 0.1 0.2 17.6 23.2 14.8 
27 IR05N412 17.7 19.8 15.3 1.1 1.0 1.0 0.2 0.2 0.2 17.2 19.7 15.8 
28 IR06N155 22.9 25.4 16.9 1.0 1.0 1.0 0.1 0.1 0.2 23.4 25.4 15.4 
29 IR07F102 17.0 22.0 18.9 1.0 1.0 1.1 0.2 0.2 0.2 17.5 21.7 15.0 
30 IR07F287 21.7 23.9 22.0 1.0 1.0 1.1 0.1 0.1 0.2 20.7 23.3 17.3 
31 IR07K142 26.1 33.3 21.9 1.1 1.1 1.0 0.1 0.1 0.2 23.6 30.3 22.2 
32 IR08A172 25.2 29.3 20.6 1.1 1.2 1.0 0.1 0.1 0.2 22.9 24.5 20.7 
33 IR08N136 20.2 26.4 22.1 1.1 1.1 1.1 0.2 0.1 0.2 18.9 23.6 19.9 
34 IR09A130 21.0 26.9 20.1 1.1 1.1 1.0 0.2 0.1 0.2 18.9 24.0 18.4 
35 IR09F436 23.6 29.8 14.4 1.0 0.9 1.0 0.1 0.1 0.2 23.2 34.1 14.2 
36 IR09L179 25.8 24.3 14.2 1.1 1.1 1.1 0.1 0.2 0.2 24.3 21.9 13.2 
37 IR09L324 23.4 29.3 21.4 1.1 1.2 1.0 0.2 0.1 0.2 22.0 24.8 15.4 
38 IR09L337 24.0 26.8 23.4 1.0 1.2 1.3 0.1 0.1 0.3 23.5 23.0 20.7 
39 IR09N537 21.0 24.8 14.5 1.1 1.1 1.0 0.2 0.1 0.2 20.1 23.7 13.9 
40 IR10A134 29.6 29.3 14.1 1.0 1.1 0.9 0.1 0.1 0.2 29.4 27.8 14.9 
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41 IR10N230 24.0 25.9 18.6 1.1 1.1 1.1 0.1 0.2 0.1 21.6 23.8 16.9 
42 IR49830 24.4 29.2 24.7 1.2 1.1 1.1 0.2 0.1 0.2 19.9 27.9 22.2 
43 IR6-PAK 20.6 26.2 21.6 1.1 1.1 1.1 0.2 0.1 0.2 18.7 25.4 19.8 
44 IR64-NIL 17.8 21.2 20.8 1.1 1.1 1.1 0.2 0.2 0.2 18.3 18.7 18.1 
45 IR65482 27.6 28.4 20.9 1.1 1.0 1.0 0.1 0.1 0.2 26.7 28.4 21.1 
46 IR65600 26.5 23.8 26.0 1.2 1.0 1.3 0.1 0.2 0.3 22.7 23.1 17.7 
47 IR70213 26.8 27.1 25.6 1.0 1.3 1.1 0.1 0.1 0.2 25.7 20.7 22.7 
48 IR74371 27.0 26.9 23.0 1.0 1.1 1.1 0.1 0.2 0.1 26.8 23.2 21.2 
49 IR75483 25.9 22.3 16.1 1.1 1.0 0.9 0.1 0.2 0.2 24.8 23.1 17.9 
50 IR78049 23.5 21.6 17.8 1.2 1.0 1.0 0.2 0.2 0.1 20.6 20.9 17.7 
51 IR78221 30.5 31.6 20.4 1.2 1.1 0.9 0.1 0.1 0.2 25.3 28.4 21.0 
52 IR78222 26.4 29.2 21.6 1.1 1.0 0.9 0.2 0.1 0.2 23.6 27.8 24.3 
53 IR85411 16.6 20.4 18.8 0.9 1.1 1.0 0.2 0.2 0.2 18.8 19.0 18.1 
54 IR85422 18.2 18.2 19.1 1.1 1.1 1.0 0.2 0.2 0.2 17.1 16.5 18.5 
55 IR85427 14.0 13.6 7.3 1.2 1.1 1.0 0.2 0.2 0.3 11.3 12.3 7.1 
56 IR86052 28.0 28.1 23.3 1.1 1.1 1.0 0.1 0.1 0.1 25.2 26.2 22.7 
57 IR86126 26.0 28.6 18.3 1.0 1.1 1.0 0.1 0.1 0.2 25.1 25.5 17.0 
58 IR86174 24.4 26.8 31.1 1.1 1.1 1.1 0.2 0.1 0.1 22.4 23.2 29.1 
59 IR86174 14.8 19.2 21.6 1.1 1.2 1.1 0.2 0.2 0.2 13.1 16.0 19.5 
60 IR86174 17.5 19.7 20.4 1.0 1.1 1.2 0.2 0.2 0.2 17.4 18.8 16.9 
61 IR86635 20.7 20.9 26.0 1.0 1.1 1.2 0.2 0.2 0.1 21.3 17.7 21.3 
62 IR88633 17.5 23.0 18.3 0.9 1.2 1.0 0.2 0.2 0.2 18.4 19.6 17.1 
63 IR93323 20.3 24.2 16.7 1.1 1.1 1.0 0.2 0.2 0.2 18.8 23.1 16.9 
64 Geumg 21.7 28.3 17.9 0.9 1.1 1.0 0.1 0.1 0.2 24.0 26.6 17.1 
65 IRRI 123 20.1 25.6 19.0 1.1 1.2 1.1 0.1 0.1 0.2 20.2 21.8 17.3 
66 IRRI 152 19.3 20.0 19.0 1.1 1.2 1.0 0.2 0.2 0.2 18.0 16.2 19.5 
67 IRRI 154 17.8 35.8 23.8 1.1 1.5 1.1 0.2 0.1 0.2 15.5 25.3 20.6 
68 IRRI 157 22.9 28.7 19.5 1.0 1.1 1.1 0.1 0.1 0.2 23.0 27.1 16.3 
69 MIL 240 18.1 26.3 13.0 1.0 1.2 1.1 0.2 0.2 0.2 18.5 21.2 12.2 
70 MTU1010 26.8 27.7 24.9 1.3 1.1 1.2 0.1 0.1 0.2 21.0 25.3 23.4 
71 PALMAR 19.8 27.6 20.4 1.2 1.3 1.0 0.2 0.2 0.2 17.0 21.8 20.0 
72 WAB  22.8 25.2 24.7 1.0 1.0 1.1 0.1 0.1 0.1 22.1 25.4 22.3 
73 Thad 32.7 33.1 26.3 1.2 1.2 1.0 0.1 0.1 0.2 27.8 28.7 26.1 
74 Rex 22.0 26.2 20.1 1.1 1.0 1.0 0.2 0.2 0.2 20.2 25.9 20.8 
  Means 21.4 24.9 19.7 1.1 1.1 1.0 0.2 0.2 0.2 20.2 22.7 18.3 
 
Genotypes *** *** N.S N.S N.S N.S *** ** N.S *** *** * 
 
Salt 
 ***   ***   ***   ***  
  G x S   N.S     N.S     N.S     N.S   
C, MSS and HSS represent control, moderate salt stress and high salt stress respectively. 
Each value represents the mean of four replications. Each value represents the mean of 
four replications. 
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5.5.4 Classification of Rice Genotypes Based on SSRI, and Root Analysis 
The TSSRI values of all the measured shoot, root growth and developmental, and 
physiological parameters at an early growth stage and their standard deviations were used 
to classify rice genotypes into four response groups (Table 5.5).  
Out of the total 74 rice genotypes, seven genotypes (9.46%) were identified as salt 
sensitive, 27 (36.48%) each as low and moderately salt tolerant, and 13 (17.57%) were 
identified as highly salt tolerant genotypes. SSRI values for salt tolerance varied from 
25.15 for genotype IR85427, which was considered as highly salt sensitive to 39.87 for 
genotype FED 473, which was considered as highly salt tolerant (Fig 5.1). 
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Table 5.5 Classification of rice genotype for salinity tolerance, based on total salt 
stress response indices of morpho-physiological parameters. 
Salt Sensitive Low Salt Tolerant Moderate Salt Tolerant High Salt Tolerant 
25.15-26.54 26.55-29.32 29.33-32.10 32.11 > 
 IR85427 25.15  IR78221 26.75  IRRI 157 29.40  CT18247 32.21 
 75-1-127 25.34  IR65482 26.77  IR6-PAK 29.40  IR86174 32.39 
 IR86126 25.42  IR74371 27.68  IR09A130 29.49  MIL 240 32.75 
 IRRI 152 25.68  IR06N155 27.78  MTU1010 29.55  HHZ 1 33.11 
 IR09F436 26.04  IR78222 27.82  Geumg 30.01  IR10A134 33.62 
 CT18372 26.29  IR07F287 27.89  IR86174 30.05  PALMAR 34.01 
 CT18237 26.30  IR86052 27.97  Rex 30.14  IR85411 34.27 
    
CT18614 28.07  IR49830 30.15  IR08N136 34.47 
    
IRRI 123 28.10  CT18615 30.21  CT18245 34.48 
    
IR78049 28.11  CT18244 30.26  NB 35.14 
    
IR08A172 28.11  IR85422 30.28  CT18233 36.39 
    
IR09N537 28.14  IR70213 30.48  IRRI 154 36.88 
    
Pokalli 28.41  IR05F102 30.60  FED 473 39.87 
    
CT6946 28.49  IR86635 30.60    
    
IR09L179 28.60  IR09L337 30.79    
    
HHZ 12 28.68  IR93323 30.95    
    
IR05N412 28.73  IR07K142 31.02    
    
IR75483 28.79  BR47 31.09    
    
IR09L324 28.90  12DS-25 31.14    
    
FED CARE 28.93  IR64-NIL 31.16    
    
IR10N230 28.94  IR86174 31.17    
    
Apo 28.99  IR88633 31.19    
    
COL XXI 29.07  IR04A115 31.23    
    
Thad 29.09  WAB 31.53    
    
12DS-15 29.26  IR07F102 31.89    
    
IR65600 29.31  FEDE 21 31.95    
    
CT19561 29.31  FED 2000 32.16    
            
 
7 
(9.46%)   
27 
(36.48%)   
27 
(36.48%)   
13 
(17.57%)  
Values in front of each genotype are the total salt stress response index (TSSRI) values of 
the genotypes. 
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Figure 5.1 Representative scanned root images of salt tolerant (a) and salt sensitive (b) 
rice genotypes, at three different salinity levels. 
 
 
TSSRI were also used to calculate the correlation between shoot, root and 
physiological parameters for salt tolerance. The value of the coefficient of determination 
(R2) gives the percentage of variation of tolerance index explained by each independent 
variable. An overall positive correlation was observed between total salt stress response 
index and total shoot (R2 = 0.42), root (R2 = 0.81) and physiological parameters (R2 = 
0.56) (Fig 5.2). 
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Figure 5.2 Relationship of total salt stress response index with the total shoot, root, 
and physiological salt stress response index. 
 
 
Similarly, TSSRI was also observed to be positively correlated with cumulative 
moderate (R2= 0.62) and cumulative high salt stress response (R2=0.82) indices (at P = 
0.0001, n=74) (Fig 5.3).  
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Figure 5.3 Relationship of total salt stress response index with Cumulative moderate 
and cumulative high salt stress response indices. 
 
 
5.5.5 Assessment of Salt Tolerant Genotypes using Principal Component 
Analysis (PCA) 
In the current study, PCA was performed to identify the principal components of 
shoot and root morpho-physiological parameters of rice genotypes that best describe the 
response to salt stress to identify salt tolerant genotypes. The first two PCs accounted for 
45% and 13%, of the total variation (58%) among rice genotypes, respectively (Fig 5.4). 
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Figure 5.4 Principal component analysis (PCA1 vs PCA2) for the classification of rice 
genotypes into different salinity groups.   
Figure shows the first two principal components (PC) scores, PCA1 vs PCA2 related to 
the classification of 74 rice genotypes into different salinity groups (salt sensitive, low, 
moderate, and high salt tolerant) based on all the morpho-physiological parameters 
measured 30 days after sowing for all the genotypes. 
 
 
The first principal component (PC1) represented higher values for all the root 
parameters including SA, FR, TRL, RV, CR, LRL, AD, TP; and some shoot parameters 
like TW, TN, and LA, with lesser loadings for all the physiological parameters including 
ANT, FO, NBI, FM, FvFm, CHL, PH, and FLV. Therefore, genotypes with high scores 
for PC1 tend to have higher values for SA, FR, RL, RV, TW, CR, TP, TN, AD, LRL, and 
LA, whereas genotypes with low scores for PC1 tend to have low values. The second 
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principal component (PC2) showed higher values for ANT, LA, FO, PH, TP, and LRL, 
and lesser loadings for NBI, CHL, FLV, AD, RV, FvFm and SA.  
A biplot of PC1 vs. PC2 (Fig 5.4) separated the genotypes into salinity resistance 
categories. Genotypes showing highest differences for the measured shoot and root 
morpho-physiological parameters for PC1 and PC2, located in the upper-right corner of 
the biplot, were considered as highly salt tolerant genotypes, followed by genotypes 
having relatively lower values for PC1 and PC2 are located in the lower-left corner of the 
graph and were considered as moderately salt tolerant. In contrast, genotypes showing 
least values of the measured shoot and root morpho-physiological parameters for PC1 
and PC2 are placed in the lower left portion of the graph and are considered as salt 
sensitive, followed by low salt tolerant genotypes with relatively higher scores for PC1 
and PC2. Because the PC1 and PC2 collectively explained more than half (58%) of the 
variation and contributed greater importance in the separation of genotypes into different 
categories, they were used to classify the 74 rice genotypes into four major groups 
including salt sensitive (19 genotypes, 25.68%), low salt tolerant (20 genotypes, 27.03%), 
moderately salt tolerant (16 genotypes, 21.62%) and highly salt tolerant (19 genotypes, 
25.68%) (Table 5.6). 
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Table 5.6 Classification of rice genotypes based on PCA (PC1 vs PC2) at seedling stage and the variation accounted by each 
eigenvector. 
Salt Sensitive Low Salt Tolerant Moderate Salt Tolerant High Salt Tolerant 
Genotype PC1 PC2 Genotype PC1 PC2 Genotype PC1 PC2 Genotype PC1 PC2 
75-1-127 -7.20747 -2.66338 IR09F436 -6.25998 0.47198 IR49830 0.10374 -1.6559 CT18244 0.11701 0.16053 
IR09L179 -5.83758 -0.15216 IR06N155 -5.7825 0.28962 IR10N230 0.41738 -0.55351 IR86174 0.12364 0.0148 
IRRI 152 -4.81707 -1.40919 IR09N537 -3.21539 0.90534 IR70213 0.63453 -2.00713 IR78049 0.21897 0.25885 
Rex -4.00992 -0.99713 HHZ 12 -3.10293 1.37628 IR08N136 1.06702 -1.26436 IR09A130 0.39813 0.09956 
IRRI 123 -3.9105 -1.34373 IR10A134 -2.64443 0.76949 CT18247 1.26334 -1.2856 IR93323 0.69812 0.57024 
IR86126 -3.86677 -0.98558 IR05N412 -2.5097 1.26958 IR07F287 1.90588 -0.02396 IR04A115 1.0283 0.35985 
CT18237 -2.40691 -1.02424 CT18372 -2.37581 1.67961 IR86052 2.34044 -0.56439 MIL 240 1.45441 2.47947 
IR6-PAK -2.27069 -1.49439 IR85427 -1.9708 4.33859 MTU1010 2.45831 -1.42011 N.B 1.73399 4.61212 
IR78221 -1.9699 -0.15419 12DS-15 -1.96519 1.8158 FED 2000 2.46614 -1.23379 HHZ 1 1.98 1.52945 
COL XXI -1.93097 -1.64531 IR75483 -1.70066 0.44658 IR86174 3.32968 -3.82995 IRRI 157 2.44828 0.73081 
IR65482 -1.71975 -1.04947 CT18615 -1.56465 0.6572 CT18233 3.8009 -2.67039 IR86174 2.46668 0.073 
IR07K142 -1.45877 -0.74953 IR09L324 -1.49041 0.84895 12DS-25 4.7199 -0.41126 IR64-NIL 2.51893 0.22771 
Apo -1.40352 -1.53399 FEDE 21 -1.34659 0.2753 BR47 4.92908 -1.29948 IRRI 154 2.65546 0.23095 
IR09L337 -1.10877 -0.81638 IR08A172 -1.14798 0.24716 CT18245 5.4841 -1.58231 IR07F102 2.95038 0.91518 
FED CARE -0.69476 -1.78144 IR05F102 -0.75738 2.03509 WAB 5.54291 -0.62458 Geumg 3.02336 1.12504 
Thad -0.61214 -1.73198 CT6946 -0.59829 0.76617 IR86635 5.93269 -0.52805 IR85411 3.05235 0.85483 
IR74371 -0.47901 -2.47098 Pokalli -0.56238 2.6694    PALMAR 4.0456 0.70352 
CT19561 -0.24034 -0.34978 IR88633 -0.26281 0.63098    IR85422 4.06916 1.24965 
IR78222 -0.03126 -0.62981 IR65600 -0.14751 0.35194    FED 473 4.13896 1.4758 
   CT18614 -0.13627 4.42101       
            
19 20 16 19 
25.68% 27.03% 21.62% 25.68% 
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5.6 Discussion 
Salinity is the second most devastating abiotic constraint after drought in rice 
production areas across the world, affecting approximately 1 billion ha of land globally. 
Rice is highly susceptible to salinity at the early growth stage. Since rice is most sensitive 
to salinity at the seedling or the 2-3 leaf stage (Lutts et al. 1995), it is essential to develop 
an efficient screening methodology at this early growth stage to identify genotypes 
possessing genes for salt tolerance. Quijano-Guerta and Kirk (2002) reported that 
development of a salinity tolerant variety is the cheapest way to address the salinity 
problem. However, salt tolerance at the seedling stage does not necessarily correlate with 
resistance at later growth stages (Ferdose et al. 2009). This study provides a new 
screening methodology for evaluating rice genotypes for salinity tolerance at an early 
growth stage in the “pot-culture” using pure sand medium, under natural environmental 
conditions that simulate the field conditions. It provides data for shoot and root 
morphological and physiological parameters for all the selected rice genotypes used in 
the current study, and because older plants were harvested from the pots, it will help tie 
seedling salinity resistance with good growth and yield at later growth stages.  
5.6.1 Performance of Rice Genotypes Based on Shoot and Root Morpho-
Physiological Parameters and Their Relationship with Salt Stress 
Salinity negatively affects growth and developmental parameters of rice by 
reducing shoot length, root length, and plant biomass, which result in overall decreased 
growth of the plant (Ali et al. 2014). The decline of growth may be because of the excess 
and toxic amount of NaCl accumulation in the soil around the roots causing an 
imbalanced nutrient uptake by the seedlings. Because salt stress also caused significant 
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reduction in LA of all the rice genotypes, a decline in photosynthesis rate and rise in 
respiration rate in the growing plants may have led to deficiency of assimilate for the 
developing organs and contributing to plant death before maturity.  
Past studies show that salinity retards plant growth mainly by affecting root 
growth parameters (Zeng and Shannon 1998; Barua et al. 2015). The increase of root 
biomass helps tolerant genotypes to maintain vigorous shoot growth possibly through salt 
dilution or salt exclusion during uptake, limiting the accumulation of the toxic amount of 
Na+ ions in the shoots and resulting in less salinity stress symptoms and more vigorous 
shoot growth. In the present study, this is also seen, as higher root parameter values 
indicate greater importance of root parameters than shoot and physiological parameters in 
identifying salt tolerant rice lines. Using indices, we observed well developed and 
vigorous root system among salt tolerant genotypes and comparatively less vigorous root 
system in salt-sensitive genotypes. However, Ali et al. (2014) reported that shoot 
parameters and plant biomass might be better descriptors of salinity tolerance and that 
root length (the only root parameter they measured) had no significant relation to salinity 
tolerance. This difference could be because Ali et al. (2014) conducted their study in 
solution culture (NaCl) in glass chambers with a controlled environment; exposed plants 
to salinity treatment a shorter duration; and measured too few root parameters; compared 
with the present study. 
Comparison of PCA and SSRI Methods for Classification of Rice Genotypes 
PCA has been previously used to categorize salinity tolerance of canola (Brassica napus 
L., Singh et al. 2008) and corn (Zea mays L., Wijewardana et al. 2016). It is a 
multidimensional preference analysis technique that allows the identification of 
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parameters best describing the tolerance to response variables. It is used to identify the 
principal variables or factors that explain the pattern of correlations within a set of 
observed variables or traits. It can thus be used to represent the parameters best 
describing salt tolerance; data samples can be plotted to assess similarities and 
differences, and accordingly, evaluate and categories them into different response groups 
(Singh et al. 2008). 
Results of PCA classification of rice genotypes mostly agreed with results 
obtained from the salt stress response index (SSRI) method, particularly for the two 
extreme groups (high salt tolerant and salt sensitive). The intermediate categories (low 
and moderately salt tolerant) showed slight differences with some genotypes categorized 
interchangeably. Both PCA and SSRI methods identified root parameters including SA, 
FR, TRL, RV, CR, LRL, AD, TP to be better descriptors under stress conditions than the 
shoot traits, indicating the higher importance of root traits in screening rice genotypes for 
salinity tolerance. SSRI also showed that when salt stress was increased from 6 dSm-1 to 
12 dSm-1, the explained variation increased from 62% to 82%, showing 20% more 
variation explained by high salinity level. However, to find truly salt tolerant genotypes, 
it is important to screen all these genotypes at higher salinity levels and at different 
growth stages including the flowering stage. These similar results PCA and SSRI support 
the accuracy of the experiment and the equivalent reliability of the two methods (SSRI 
and PCA) in screening for stress conditions including salinity.  
5.7 Conclusion 
The pot-culture screening technique, designed to control soil heterogeneity and 
unexpected weather conditions, is a simple and efficient technique for screening rice 
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seedlings for salinity tolerance with a high degree of precision; however, it must be 
compared with results from the field. Although both shoot and root morphological 
growth and developmental parameters are important indicators of salinity resistance in 
rice, root parameters are better descriptors and physiological parameters are non-
predictive. Genotypes which can maintain a deep, well developed, and extensive root 
system will help plants cope under stress conditions by taking up water and nutrients 
from the soil and efficiently storing them for a longer period for plant survival as 
compared to genotypes with poorly structured and less vigorous root systems. 
We also conclude that the two analysis methods (SSRI vs PCA) are equally 
reliable and can be used for experiments exclusively and independently but work better 
together to confirm accuracy of experimental results. The knowledge from this study can 
help rice breeders and other scientists screen and select salinity tolerant rice breeding 
lines for variety development and related research. This screening methodology can be 
used by farmers to screen high yielding commercial cultivars for salinity tolerance at an 
early stage before taking a potential risk of sowing them in large acreage in salt prone 
areas.
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CHAPTER VI 
GENOME-WIDE ASSOCIATION STUDY FOR SALT STRESS TOLERANCE 
INVOLVING 74 RICE BREEDING LINES 
6.1 Abstract 
Rice is one of the most important food crops in the world, consumed by more than 
3 billion people. Salinity is an important abiotic stress factor in the rice growing areas and 
rice is very sensitive to salt stress particularly at early vegetative stages causing 
substantial yield reductions. Genotype-phenotype associations within the rice germplasm 
collection could provide valuable information on the frequency and distribution of alleles 
associated with the traits of interest. Our objective of the study was to perform Genome-
Wide Association Study (GWAS) in 74 rice breeding lines to uncover important SNPs, 
QTLS or genes related to economically important traits linked with salinity tolerance. 
Rice lines were genotyped using 7K SNP-arrays from Illumina and genotypic data was 
analyzed for association analysis in TASSEL software using General Linear Model 
(GLM), Mixed Linear Model (MLM) and Neighbor-Joining (NJ) clustering method. NJ 
clustering revealed 3 subpopulations with breeding lines from common origin clustering 
together. GLM discovered a total of 6 significantly associated SNP markers distributed 
on 4 different chromosomes where four SNPs were associated with root traits. MLM 
detected a total of 37 significantly associated SNP markers distributed on 11 different 
chromosomes where 25 SNPs were associated with root traits. Phenotypic data was 
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analyzed using Cumulative Salt Stress Response Indices (CSSRI) which clustered rice 
lines into different categories including salt sensitive (16.2%), moderately salt tolerant 
(56%), and high salt tolerant (19%). The fact of higher number of significant SNPs for 
root traits was also observed in CSSRI results which showed that root traits are more 
important in studying and identifying salt tolerant genotypes during the seedling 
establishment stages in rice. 
6.2 Introduction  
Rice (Oryza sativa L.) is an important crop used as a staple food for more than 
half of the world population, but its production has been affected by many biotic and 
abiotic factors including salinity. Salinity is one of the crucial environmental factors 
contributing to unfavorable rice production (Li et al. 2005). There are about 380 million 
hectares of saline land globally, mainly arid and semi-arid areas along with dry coastal 
areas (Xie et al. 2000). Rice is generally susceptible to salinity at two important stages, 
early seedling stage, and flowering stage, but seedling stage is more critical to salt stress 
(Lutts et al. 1995) and seedlings usually die at 10 dS/m of salinity (Munns et al. 2006) 
whereas yield loss could increase up to 90% at 3.5 dS/m salt stress at reproductive stage 
(Asch et al. 2000). Therefore, rice is classified as highly salt sensitive at an early growth 
stage (Kumar et al. 2013). Phenotypic responses of plants to salt stress are highly affected 
environmental factors (Koyama et al. 2001; Flowers, 2004). Therefore, genotypic 
evaluation of the cultivars for the complex salinity tolerance trait is critical to improving 
salinity tolerance in rice through breeding.  
Genetic diversity among different genotypes is usually estimated by measuring 
the physiological and morphological differences of economically important quantitative 
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traits, but this approach is labor-intensive, time-consuming and highly influenced by 
environmental factors. For example, changes in temperature, humidity or light may affect 
the response of genotypes to salt tolerance by changing the transpirational driving forces 
and ion uptake (Flowers and Yeo 1997), therefore, may not adequately represent the 
actual genetic relationship among genotypes. Conversely, genetic variations based on 
DNA polymorphism are abundant, rapid, less labor intensive and more importantly, 
independent of the environmental factors; therefore, they are more reliable and 
convenient in the identification and characterization of genetic variability among 
genotypes. New sequencing and genotyping technologies have helped the plant breeders 
in understanding the genetic basis of crop productivity and provided modern tools and 
methods for addressing future challenges (Varshney et al. 2014).  
Association mapping involves panels of diverse natural populations with diverse 
germplasm (Álvarez et al. 2014), exploring all the historical recombination events and 
mutations associated with the phenotypic trait of interest in a specific population. It is a 
much faster method with high-resolution power for mapping quantitative trait loci and 
higher capacity of detecting a greater number of alleles and thus, more advantageous over 
linkage mapping or traditional QTL mapping (Zhu et al. 2008). 
Genome-wide association studies (GWAS) have been widely used in humans, 
animals and recently becoming a popular method of identifying QTLs underlying 
quantitative traits in plants. Association mapping works in a panel of diverse germplasm 
and identifies QTL based on the historic recombination via the presence of linkage 
disequilibrium (LD) between SNPs and QTL (Walsh. 1998; Yu et al. 2008; Zhu et al. 
2008). To monitor the density of recombination breakpoint in the population, it needs a 
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high-density marker panel that covers the genome (Flint-Garcia et al. 2003). GWAS is 
most commonly used to maximize the diversity of alleles and haplotypes in the collection 
of unrelated diverse germplasm or diversity panel (Famoso et al. 2011; Huang. 2010; 
Huang. 2012; Zhao. 2011; Huang and Han. 2014; Yang. 2014). It helps to identify the 
novel QTL and candidate gene related to the agronomic trait of interest and its validation 
in breeding programs. Thus, QTL identified through GWAS could also be directly used 
in genomic selection or marker-assisted selection in breeding for salinity tolerance in rice 
(Zhang et al. 2014). 
The type and number of genetic markers can have explicit effects on the 
resolution of the association between phenotype and genotype (Mei et al. 2005). GWAS 
detects single nucleotide polymorphisms (SNPs) as molecular markers that are 
significantly related to the traits of interest across a diverse panel of accessions; It can 
handle up to one million SNPs and 10,000 natural accessions as mapping population 
(Lipka et al. 2012; Huang et al. 2010; Chen et al. 2014). Single nucleotide 
polymorphisms (SNPs) are sites along DNA that vary by a single base when two or more 
genotypes are compared. SNPs are becoming increasingly popular as molecular markers 
for the estimation of genetic diversity and relatedness in genotypes, cultivars, and plant 
populations in breeding and research programs (Martin et al. 1997; Buso et al. 1998). 
They are stable, efficient, cost-effective, amenable to automation (Duran et al. 2009, 
Edwards and Batley 2010), the most abundant form of bi-allelic genetic variation (Kwok 
et al. 1996). SNPs consist of the most basic level of variation representing the largest 
number of polymorphisms in diverse genomes (Rafalski, 2002; Zhu et al. 2003). SNPs 
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are being widely used to study divergent materials for QTL and association mapping 
studies, QTL positional cloning and marker-assisted selection programs.  
Previous studies have demonstrated GWAS as a promising approach for 
explaining the genetic basis of phenotypic variability, and SNPs as powerful markers for 
plant improvement in terms of detecting available alleles for a gene in a specific 
population (Jannink et al. 2010; Moose and Mumm 2008). GWAS has proven to be a 
useful method for dissecting complex quantitative traits (Huang et al. 2010) and revealing 
rich genetic architecture of crops including Arabidopsis, rice, maize, wheat, barley and 
other crops (Atwell et al. 2010; Xue et al. 2013; Chen et al. 2016). 
The success of GWAS depends on thorough and accurate phenotyping of 
accessions for the traits of interest and a cost-effective, high throughput genotyping 
technology for high density/quality haplotype maps for a high number of markers and 
large sets of genotypes. Rice, as a self-pollinated species with a great extent of LD, is a 
good candidate for GWAS, requires only several thousand SNPs to be sufficient to cover 
all LD blocks. Zhao et al. (2011) used an Affimetrix 44K SNP custom array to genotype 
413, and 383 globally distributed landraces of rice and identified several genes associated 
with morphology, yield, nutritional quality traits, and salt tolerance. Similarly, Huang et 
al. (2010). GWAS has also contributed in revealing association signals and genes 
associated with domestication, physiological traits, yield and yield-related traits under 
biotic and abiotic conditions (Zhao et al. 2011; Kang et al. 2015; Ueda et al. 2015). 
In the current study, GWAS was performed on 74 rice genotypes accurately 
phenotyped for several morpho-physiological traits under salinity tolerance and 
genotyped using 7 K SNP array. The main objectives of the study were; to characterize 
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the genetic diversity and population structure, identify the possible QTLs, genes, or 
significant SNPs associated with salinity stress and explore their genetic potential for 
salinity tolerance in the selected rice genotypes. The information gained from this study 
could be useful for the genetic improvement of salt tolerance in breeding for salt tolerant 
varieties which are considered to be the most economical, effective and socially 
acceptable approach to increase crop production on saline soils (Islam et al. 2012). 
6.3 Materials and Methods 
6.3.1 Germplas, Enviroment and Phenotypic data 
The phenotypic part of the experiment was conducted at the North Farm 
Environmental Plant Physiology Laboratory, Mississippi State University, Mississippi 
State, MS (lat. 33° 28´ N, long. 88° 47´ W). A total of 74 rice genotypes were sown in 
PVC pots (6” diameter by 24” high) arranged in a randomized complete block design 
with four replications (4 pots per genotypes). Initially, five seeds were sown per pot, 
which was thinned to one after one week of emergence. Plants were irrigated three times 
a day (8 am, 12 pm, and 5 pm) with standard Hoagland Nutrition Solution at 90 sec per 
instance through an automated and computer-controlled drip irrigation system until 
treatment was imposed. Salinity treatments (mixture of NaCl and CaCl2 (5:1 molar 
concentration) including high salt stress (HSS) with electrical conductivity (EC) of 12 
dS/m, medium salt stress (MSS) with EC of 6 dS/m, and control (C) (Hoagland nutrient 
with no additional salts added), were imposed one week after emergence.  
Several shoot growth and developmental parameters including plant height (PH), 
tiller number (TN), and leaf area (LA) were measured for all the 74 rice genotypes one 
day before harvest whereas leaf area (LA) was measured at the final harvest using the 
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leaf-area meter, (LI-3100 Area Meter, Inc., Lincoln, Nebraska, USA). Leaves and stems 
were then stored separately in the oven at 75C for 25 days, and leaf dry weight (LW), 
stem dry weight (SW) and total dry weight (TD) were measured after they were 
permanently dried. Physiological parameters including chlorophyll contents (CH), 
flavonoids (FLV), anthocyanins (ANT), nitrogen balance index (NBI), were calculated 
on-site non-destructively using instruments like SPAD (SPAD 502 Minnilota Inc. 
Canada) meter and Fluropen (Photosystem Instrument Kolackova Czech Republic). 
SPAD meter was used for instant chlorophyll measurements for all rice genotypes. 
Similarly, fluorescence including minimal fluorescence intensity (Fo), maximal 
fluorescence intensity (Fm), maximal variable fluorescence (Fv), and maximum quantum 
efficiency or yield (Fv/Fm) were also measured on-site non-destructively using Fluropen 
1000. 
For the root traits, roots were first were cut from the stems and washed on a sieve 
thoroughly and cautiously to avoid any destruction to the overall root structure, then 
scanned using the WinRHIZO optical scanner and software system (Regent Instruments, 
Inc., Québec, CA 2009) specially designed for root characterization. Gray-scale root 
images were acquired and analyzed as previously described by (Brand et al. 2016: Reddy 
et al. 2017; Wijewardana et al. 2015) for different root parameters including root surface 
area (SA), total or cumulative root length (TRL), average root diameter (AD), root 
volume (RV), number of roots having laterals (RNL), number of tips (TP), number of 
forks (FR), and number of crossings (CR). GWAS was performed on the set of 74 rice 
genotypes which identified significant SNP markers positioned within QTLs previously 
identified to be related to salt tolerance. 
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6.3.2 Genotyping, Genome-wide association and Data Analysis  
An association mapping panel of 74 rice breeding lines was collected from IRRI 
and characterized for phenotypic diversity at Plant Physiology Laboratory, Mississippi 
State University, during 2016-17 growing seasons. Genotyping of the 74 rice breeding 
lines was done from Illumina company (https://www.illumina.com/). Illumina uses SNP 
arrays (7K SNP-Chips) derived from over two million common SNPs (minor allele 
frequency MAF ≥0.05) in the Rice HapMap data (Bradbury et al. 2007) to identify allelic 
variation. DNA amplification, fragmentation, and chip hybridization, washing, and 
staining were accomplished according to the Infinium assay standard protocol (Infinium 
HD Assay Ultra Protocol Guide, http://www.illumina.com/). HiScan scanner (Illumina 
Inc., San Diego, CA) was used for chip scanning, and GenomeStudio software was used 
for raw data analysis. A total of 7000 SNPs (7K SNP-chip) were used for genome-wide 
association study, and a subset consisting of 4906 SNP markers with a low missing data 
rate (<7.5%) and low frequency imbalance between alleles (minor allele frequency > 
25%) was extracted for the calculating kinship (K matrix), population structure (Q 
matrix), and linkage disequilibrium as reported by Warburton et al. (2013). The software 
package TASSEL version 2.3.3 and Structure 2.3.4 were used to perform the GWAS and 
constructing neighbor-joining (NJ) tree. The general and mixed linear models (Yu et al. 
2006) were run with four subpopulations (Q matrix) and the K matrix.    
In the present study, the association between phenotypic traits and markers was 
performed using MLM, where markers tested, and subpopulation data (Q matrix) were 
considered as fixed-effect factors, and a kinship matrix was as a random-effect factor. 
The P and r2 value were reported; P-value indicates the significance of the association 
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between markers and phenotypic traits, and the r2 value indicates the fraction of the total 
variation explained by the marker. The SNPs with p < 7.9 x 10-5 in GLM and the SNPs 
with p < 7.9 x 10-4 in MLM, were considered to be significant. For GLM and MLM, 
optimum compression level was used in TASSEL 2.3.3 (Bradbury et al. 2007). Quantile-
quantile plots (QQ plots) and Manhattan plots of – Log10 (P) values for each SNP vs. the 
chromosomal position, were generated in the TASSEL results. The population structure 
underlying the genotyped collection of accessions was evaluated using STRUCTURE v 
2.3.4 (Pritchard et al. 2000). STRUCTURE’s quantitative clustering method uses a 
Bayesian approach to identify subpopulations and to assign individuals to these 
populations. Given a sample of individuals, K populations are assumed, and individuals 
are allotted to these populations. In case of the SNP data, the bases were numerically 
coded as follows: A=1, C=2, G=3, T=4, and missing data were coded as 999 as suggested 
in the user manual (Peakall and Somouse 2012; Yan et al. 2009). Software STRUCTURE 
V2.3.4 was applied to infer historical linkages that show clusters of similar genotypes 
(Pritchard et al. 2000). The membership of each genotype was run for a range of genetic 
clusters from the value of K= 1 to 10 with the admixture model and correlated allele 
frequency. Each run was applied with a burn-in period of 10,000 followed by 100,000 
Monte Carlo Markov Chain replicates (Prithard et al. 2000). Ln (PD) was derived for 
each K and then plotted to find the plateau of the ΔK values (Evanno et al. 2005). Online 
available program “Structure Harvester” was used (http://taylor0. biology.ucla.edu) to 
calculate and found the correct final population structure. The proportion of the genome 
of an individual that belongs to each inferred population (admixture) was estimated). 
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6.4 Results and Discussion: 
TASSEL is a software package that estimates associations of traits with sequence 
polymorphisms including single nucleotide polymorphisms ((SNPs), insertion/deletion or 
InDels), evolutionary patterns, and linkage disequilibrium (LD). It offers powerful 
statistical methods for association mapping including the General Linear Model (GLM) 
and the Mixed Linear Model (MLM). The mixed linear model reduces Type I error in 
association mapping with complex pedigrees, families, founding effects and population 
structure. Software STRUCTURE V2.3.4 was applied to infer historical linkages that 
show clusters of similar genotypes (Pritchard et al. 2000). 
6.4.1 Selection of a Representative Rice Germplasm Diversity Panel 
The GWA study of the shoot, root morpho-physiological traits were conducted on 
a rice diversity panel including 74 rice genotypes ordered from IRRI, Philippines. This 
panel is a subset of the preliminary panel of 174 rice genotypes tested for morpho-
physiological traits, and mostly consist of indicated genotypes with some well-known salt 
tolerant genotypes for comparison. The subset has not been explored before, therefore, 
was selected with the aim to explore the wide range of phenotypic/genetic diversity and 
allelic variation associated with salinity tolerance.  
6.4.2 Marker Analysis 
A total of 7098 single nucleotide polymorphic markers (SNPs) were initially 
identified for 74 rice genotypes. After removing the accessions with missing values 
greater than 20% and the markers with minor allele frequency (MAF) < 0.05, a final total 
of 4,905 SNP markers were used for association analysis. These SNPs distributed on the 
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all the 12 rice chromosomes, ranging from 299 SNPs on chromosome 10 to 628 SNPs on 
chromosome 1 with an average of 408 SNPs for a single chromosome (Table 2). Thus, 
the highest polymorphic SNP contribution (12.80%) was observed in chromosome 1 
whereas chromosome 10 contributed the least polymorphic SNPs (6.09%) to the total 
polymorphic SNPs distributed over the 12 rice chromosomes (Table 6.1). 
 
 
Table 6.1 Number of mapped polymorphic SNPs and % SNP contribution of 
individual chromosome to the total SNPs markers.  
Chromosomes 
# 
Number of 
SNPs % SNP Contribution 
1 628 12.80 
2 474 9.66 
3 459 9.36 
4 448 9.13 
5 369 7.52 
6 395 8.05 
7 349 7.11 
8 342 6.97 
9 317 6.46 
10 299 6.09 
11 413 8.42 
12 413 8.42 
Sum 4906 100% 
 
 
6.4.3 Population Structure and Relative Kinship 
The 4906 bi-allelic SNP markers were used for population structure 
characterization by running STRUCTURE for K (number of clusters or subgroups) 
ranging from 1 to 10 on a set of 74 rice genotypes. The likelihood value of this analysis is 
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shown in (Fig 6.1) where likelihood rises without any noticeable inflection to the point of 
K=4. This could indicate that the genotypes selected for the study were greatly diverse 
and highly admixed. However, the most significant peak was observed when K was 
increased from K=3 to K=4 (Fig 6.1) suggesting that there could be 3 to 4 distinct groups 
within the selected accessions. Similar, results were obtained from structure analysis (Fig 
6.2) which shows the graphical representation of the location of each genotype in the 
study into its corresponding group or cluster, for K ranging from 1 to 10. The best 
possible groups were observed at K=4. 
 
 
 
Figure 6.1 Estimated ln (probability of data). Ln (probability of data) was calculated 
for K ranging from 1 to 10 for SNPs. 
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Figure 6.2 Estimated population structure of the diverse rice genotypes in the study.  
Each of the 74 individuals is represented by a thin vertical line, which is partitioned into 
k colored segments that represent the individual estimated membership to the k clusters. 
 
 
Genetic diversity analysis of the selected 74 rice genotypes was estimated using 
TASSEL software v. 2.3.3 (Bradbury et al. 2007) by creating a Cladogram with 
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arithmetic Neighbor-Joining (NJ) clustering method based on Nei’s genetic distance.  It 
was performed on a set of 74 rice genotypes, mainly belonging to the indica subgroup 
which separated the subset into three clusters (Fig 6.3). Most of the genotypes were 
assigned to the first cluster (Fig 6.4) containing 60 genotypes out of the total 74 
genotypes distributed in two subgroups with the shortest distance of (0.001544) to the 
root. This was expected because most of these genotypes belong to indicate species of 
rice except Thad at the end of the group with the highest distance from the root (distance 
to root: 0.412974) showing that it is not as closely related to other indica genotypes.  
Similarly, the second cluster (Fig 6.5) had a distance of 0.005126 to the root, 
consisting of subgroups and 12 genotypes out of total 74 rice genotypes. Rex, another 
well-known japonica cultivar from US origin fell into this group which was expected to 
cluster together with Thad as they both are japonica cultivars. The third cluster (Fig 6.6) 
was the smallest cluster with only two genotypes HHZ-1 and IR85422. The analysis of 
population structure led the selection of the most appropriate group of genotypes to be 
phenotypes in the field and morphological experiments. 
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Figure 6.3 Distance tree constructed using the Neighbor-Joining analysis method for 
74 indica rice genotypes. 
 
Figure 6.4 Neighbor-Joining tree showing the biggest sub-population, containing 60 
genotypes within the main distance tree of 74 rice genotypes. 
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Figure 6.5 Second major sub-population, containing 12 genotypes within the main 
distance tree constructed using the NJ cluster analysis. 
  
Figure 6.6 The smallest subgroup, containing 2 genotypes within the main distance 
tree constructed using the NJ cluster analysis. 
 
 
6.4.4 GWAS and SNPs/Traits Association  
GWAS was conducted for a panel of 74 rice genotypes used in the current study, 
detected significant (P-value < 0.00005) associations/SNPs for several phenotypic traits. 
GLM identified a total of 6 significantly associated regions on chromosomes 3, 6, 10 and 
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11 (Table 6.2), out of which 4 SNPs were associated with root traits (LRL) and 2 with 
shoot traits (PH), but no significant SNPs were documented for physiological traits, dry 
weights, and CSSRI. The four significant SNPs for root traits were found in the ± 10kb 
vicinity of the previously identified genes; BGIOSGA033577, BGIOSGA033585 
explaining 36% of the phenotypic variation each and genes; BGIOSGA010886, 
BGIOSGA012347 which explained 22% of the total variation each.   
MLM identified a total of 37 significantly associated regions for root traits 
distributed on all the 12 chromosomes (Table 6.3). The highest number of significant 
SNPs (8) were detected on chromosome 11 followed by chromosome 2 and 4 with 6 and 
five significant SNPs respectively. Out of the 37 significant SNPs, 4 SNPs that were 
associated RF were identified within the genes; BGIOSGA012447, BGIOSGA008476, 
BGIOSGA006932, BGIOSGA002392 on chromosomes 3, 2, one respectively. One 
significant SNP associated with RC and RT each were also identified within the genes 
BGIOSGA029833, BGIOSGA029833 on chromosome 9.  
 
 
Table 6.2 Significant SNP/Trait associations for GLM at the p < 1.02E-5, and all 
genes within a window of ± 10Kbp of the SNP.  
 
Trait 
Chro aPosition 
 
Range (position ± 
10 kbp) 
 
Genes 
P-value 
 R2 
LRL 11 21735970 21725970 21745970 BGIOSGA033577 1.77E-06 0.356 
PH 10 1896371 1886371 18906371 BGIOSGA032485 3.34E-06 0.254 
PH 10 1359664 1349664 1369664 BGIOSGA032360 3.86E-06 0.252 
LRL 11 21528858 21518858 21538858 BGIOSGA033585 6.91E-06 0.358 
LRL 3 12013490 12023490 12003490 BGIOSGA010886 7.71E-06 0.224 
LRL 6 10379603 10369603 10389603 BGIOSGA012347 8.01E-06 0.223 
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Table 6.3 Significant SNP/Trait associations for MLM at the p < 1.02E-5, and all 
genes within a window of ± 10Kbp of the SNP.  
Trait Chro aPosition Range (position ± 
10 kbp) 
Genes P-value  R2 
FR 6 15538142 15528142 15548142 BGIOSGA022884 5.46E-43 15.9301661 
FR 7 22484712 22474712 22494712 - 2.28E-36 9.91327794 
TP 11 27815939 27805939 27825939 - 9.57E-27 8.67314631 
FR 12 16990670 16980670 17000670 BGIOSGA037516 1.19E-26 4.361883 
FR 8 16064813 16054813 16074813 BGIOSGA027160 5.75E-22 3.21409193 
FR 11 9183139 9173139 9193139 BGIOSGA034133 2.70E-20 2.41069576 
CR 1 12216652 12206652 12226652 BGIOSGA003336 8.61E-20 4.31478247 
CR 11 27815939 27805939 27825939 - 1.32E-19 4.11865744 
TP 1 12216652 12206652 12226652 BGIOSGA003336 1.12E-18 3.67743566 
FR 2 494373 484373 504373 BGIOSGA007280 1.51E-18 2.03484752 
CR 9 11673739 11663739 11683739 BGIOSGA029833 2.32E-16 2.13951662 
FR 7 24812254 24802254 24822254 - 4.80E-16 1.64679845 
TP 11 25135188 25125188 25145188 - 1.18E-15 2.02741471 
FR 4 6913215 6903215 6923215 BGIOSGA015996 2.23E-15 1.45143811 
CR 11 25135188 25125188 25145188 - 1.09E-14 1.80673588 
CR 4 1540529 1530529 1550529 
 
4.03E-14 1.81763282 
FR 2 21460400 21450400 21470400 BGIOSGA008370 8.76E-14 1.21338167 
CR 11 24397959 24387959 24407959 - 1.58E-13 1.4362991 
FR 4 15388229 15378229 15398229 BGIOSGA015255 3.85E-13 1.1355302 
TP 11 24397959 24387959 24407959 - 9.00E-13 1.28670464 
FR 2 34883879 34873879 34893879 BGIOSGA005505 3.94E-12 0.98598174 
FR 6 30809492 30799492 30819492 BGIOSGA020631 2.97E-11 0.88321708 
FR 11 14940628 14930628 14950628 BGIOSGA035325 1.12E-10 0.84530133 
FR 12 11843990 11833990 11853990 - 2.38E-10 0.7663538 
FR 6 6242072 6232072 6252072 BGIOSGA022514 8.21E-10 0.70796297 
FR 4 1841708 1831708 1851708 BGIOSGA015669 3.09E-08 0.55208243 
TP 4 978816 968816 988816 BGIOSGA015780 9.70E-08 0.72709454 
FR 2 16797174 16787174 16807174 BGIOSGA006509 1.54E-07 0.47597358 
FR 3 11444961 11434961 11454961 BGIOSGA012427 1.54E-07 0.47597358 
FR 3 11727434 11717434 11737434 BGIOSGA012447 1.54E-07 0.47597358 
FR 2 23749856 23739856 23759856 BGIOSGA008476 1.68E-07 0.47256387 
FR 10 19067281 19057281 19077281 BGIOSGA031539 9.65E-07 0.40680263 
FR 6 24144305 24134305 24154305 BGIOSGA023186 1.36E-06 0.39023225 
FR 9 3934768 3924768 3944768 BGIOSGA030146 4.15E-06 0.34828011 
TP 9 11673739 11663739 11683739 BGIOSGA029833 5.12E-06 0.40325739 
FR 2 6481090 6471090 6491090 BGIOSGA006932 7.47E-06 0.33591871 
FR 1 3122432 3112432 3132432 BGIOSGA002392 8.18E-06 0.31778609 
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6.4.5 Genome-wide Association Analyses and SNPs/Traits Association 
In a broad sense, GWAS finds single nucleotide polymorphisms (SNPs), 
Insertion/Deletion (InDel) and any other sequence differences along the chromosome that 
are significantly associated with the traits of interest across a diverse population. To 
comprehend the genetic variants associated with salt tolerance at the seedling growth 
stage in rice, a GWAS was conducted for a stress tolerance index using several morpho-
physiological parameters. The morpho-physiological traits included shoot growth and 
developmental traits like plant height (PH), tillers number (TN), leaf area (LA) and leaf 
number (LN); root growth traits including root growth cumulative root length (CLR), 
root surface area (RSA), average root diameter (ARD), longest root length (LRL), root 
volume (RV), number of root (RN), number of tips (NRT), number of root forks (NRF), 
number of root crossings (NRC), root dry weight (RDW); component dry weight (leaf 
dry weight (LDW), stem dry weight (SDW), shoot dry weight (SHDW), and total dry 
weight (TDW)); physiological traits like CH, FL, ANT and NBI. All these traits were 
considered for GWAS using 7 K SNP arrays. To evaluate the efficiency of GWAS on our 
SNP dataset and diversity panel, an association analysis was conducted for all the shoot, 
root, and morpho-physiological traits individually. Phenotypic data from these traits were 
obtained from a parallel pots experiment, in which 74 rice genotypes used in the current 
study were evaluated for agronomic performances. Although GWAS requires large 
highly-structured diversity panels (Huang et al. 2010; Zhao et al. 2011); we ran GWAS 
restricting to a sub-population of 74 rice genotypes because of the detection of sub-
population specific alleles (Zhao et al. 2011) and no comprehensive phenotypic 
evaluation in other genotypes for salinity tolerance out of the total 174 rice genotypes. 
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Two statistical models GLM and MLM were used to accomplish GWAS analyses on all 
the phenotypic traits measured during phenotypic assessment and quantile-quantile (Q-Q 
plots), and Manhattan plots were generated. GWAS conducted for a panel of 74 rice 
genotypes used in the current study, detected significant (P-value < 0.00005) 
associations/SNPs for several phenotypic traits.  
In GLM model, some of the traits including LRL, LA, PH, and CH showed more 
variations between the expected and observed p-values indicating that these traits could 
possess significant SNPs or high false positive discovery rate. GLM identified a total of 6 
significantly associated regions on chromosomes 3, 6, 10 and 11 (Table 6.2), out of 
which 4 SNPs were associated with root traits (LRL) and 2 with shoot traits (PH) 
whereas no significant SNPs were documented for dry weights, CSSRI and most of the 
physiological traits. Two of the four significant SNPs for root traits were associated with 
LRL and were found on chromosome 11 located in ± ten kbp vicinity of the previously 
identified genes; BGIOSGA033577, BGIOSGA033585, each explaining 36% of the 
phenotypic variation. The other 2 SNPs found on chromosome 10 were associated with 
PH, located in ± ten kbp vicinity of the previously identified genes were genes; 
BGIOSGA010886, BGIOSGA012347, each which explained 22% of the total phenotypic 
variation (Table 6.2). 
The important traits were determined by plotting quantile-quantile plots (Q-Q 
plots), in which the expected distribution of p-values (x-axis) under null hypothesis are 
plotted against the observed distribution of p-values (y-axis) to find the traits having a 
higher association with the trait of interest. Figure (6.7) shows a combined Q-Q plot 
obtained from GWAS analysis using GLM (A) and MLM (B) statistical models for all 
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the morpho-physiological shoot and root traits measured during phenotypic evaluation of 
74 rice genotypes at salinity stress 12 dSm1. Each colored line represents the expected 
value for a particular trait where the traits that deviate more from the center are more 
likely to possesses a higher number of significant SNPs and thus possess high potential 
for stress tolerance.  
 
 
 
Figure 6.7 The Quantile-Quantile plots obtained from GWAS analysis using (A) GLM 
and (B) MLM statistical models.  
These are combined Q-Q plots for all the morpho-physiological shoot and root traits 
measured during phenotypic evaluation of 74 rice genotypes at salinity stress 12 dSm1. 
Each colored line represents the expected value for a particular trait. 
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The exact numbers and positions of significant SNPs were confirmed by plotting 
individual Manhattan plots for all measured traits. However, we have discussed only the 
traits including LRL, LA, PH, and CH that showed significant associations/ SNPs. 
In Manhattan plots, all SNPs are plotted on the x-axis for expected –log10 p-values 
(the significance of association) vs. observed p-values for SNP-based genotype-
phenotype association, on each chromosome for their association with measured traits 
under salinity stress.  
Individual Q-Q and Manhattan plots for the important traits LRL, PH, and CH 
and significant SNPs are shown in Figure 8. 
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Figure 6.8 GWA analysis for longest root length (top), plant height (middle) and 
chlorophyll content (bottom) under GLM model.  
(A) Quantile-Quantile plot and (B) Manhattan plot (B) with black circles showing the 
significant SNPs and the dotted line shows a threshold of p<1.0E-04 for GLM. 
 
 
GWAS was also run using MLM statistical model to detect true associations, 
correct population structure and relatedness. MLM eliminated false positive signals to 
increase the power of detecting true associations, therefore, more reliable and preferred 
over GLM in association studies. MLM identified a total of 37 significantly associated 
regions for root traits distributed on all the 12 chromosomes (Table 6.3). MLM detected 
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strong associations for most of the root development traits including a number of root tips 
(RT), number root forks (FR) and a number of root crossings (CR).  
The highest number of significant SNPs (8) were detected on chromosome 11 
followed by chromosome 2 and 4 with 6 and five significant SNPs respectively (Table 
6.3). Out of the 37 significant SNPs, 4 SNPs that were associated RF were identified 
within the genes; BGIOSGA012447, BGIOSGA008476, BGIOSGA006932, 
BGIOSGA002392 on chromosomes 3, 2 and one respectively. One significant SNP 
associated with RC and RT each were also identified within the genes BGIOSGA029833, 
BGIOSGA029833 on chromosome 9.
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CHAPTER VII 
GENERAL SUMMARY AND CONCLUSIONS 
The first two chapters (experiments) aimed at comprehensive assessment of 74 
tropical indica rice genotypes for phenotypic and genotypic variability at seedling (35 to 
37 days after sowing) and maturity stages (flowering and yield traits) respectively. Both 
experiments were conducted in the pots and repeated for two years (2016-17). For 
maturity stage assessment, several morpho-physiological shoot traits (more than 20) were 
measured at both at vegetative, and grain filling stages whereas for seedling stage 
assessment experiment, root traits (10 traits) were also measured after harvest for 
efficient assessment of genotypes. Overall, the studied rice genotypes exhibited 
substantial variability for the measured shoot and root morpho-physiological traits both at 
seedling and maturity stages. At the seedling stage, the majority of the genotypes (73%) 
exhibited high vigor whereas only 27% exhibited low vigor. The highest and lowest vigor 
was observed in genotypes IRRI-157 and IR49830 with CVRI values of 39.21 and 25.16 
respectively.  
Similarly, at the maturity stage, most of the germplasm (67.6%) was identified as 
highly vigorous but less productive, whereas only 32.4% revealed low or moderately low 
vigor. Plant height and tiller number were crucial among the growth and developmental 
traits. Among the physiological traits, net photosynthesis and water use efficiency were 
more crucial and showed direct relation with total vigor response of the genotypes. 
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Among the yield-related traits, a high percentage of unfilled grains was the biggest issue 
resulting in overall low grain yield. 
The third chapter aimed at screening the same 74 tropical indica rice genotypes 
for drought stress at seedling stage (35 to 37 days after sowing); as drought is the most 
devastating abiotic factor in limiting plant growth and development in rice growing areas 
across the world. Genotypes were sown in the PVC pots filled with sandy loam (3:1 sand 
and clay) and specially designed mini-hoop structures were used to avoid the rain. 
Treatments included drought stress with 50% moisture regime and control with 100% 
moisture level, were imposed one week after emergence. Shoot morpho-physiological 
traits were measured 37 days after sowing (DAS), and root traits were assessed after 
harvest using WinRHIZO optical scanner and root image analysis system. Drought 
caused a significant decrease in LA, TN, and PH among the shoot traits causing 20%, 
19%, and 16% decrease, respectively, within 25 days of treatment imposition at the early 
growth stage. However, drought had no significant effect on the physiological and root 
traits; root traits were found to be the best descriptors (strong linear correlation between 
CDSRI and root traits (R2 = 0.81) under limited water conditions). Only 9 % of the 
genotypes exhibited a high tolerance to drought stress, and genotypes IR86638 and 
IR49830 were identified as the most and least drought tolerant respectively. 
The forth chapter aimed at screening rice genotypes for salt stress at the seedling 
stage based on shoot and root morpho-physiological traits. Salt stress is considered as the 
second most devastating abiotic limiting factor in rice production, and rice seedlings are 
highly sensitive to salinity. Rice is either screened in the green-house (controlled 
environment) or field (mass screening), but both have certain drawbacks. We devised a 
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new screening method in the pot-culture (instead of solution) to control soil heterogeneity 
(a general problem in mass-screening) by using pure sand as a growth medium and 
minimize the unexpected extreme weather conditions by using movable shelters. Salinity 
treatments including high salt stress with electrical conductivity (EC 12 dSm-1), 
moderate salt stress (EC 6 dSm-1), and control, were imposed one week after emergence. 
Thirteen genotypes (17.57%) were identified as highly salt tolerant with genotypes FED 
473, and IR85427 identified as highly salt tolerant and salt sensitive, respectively. Root 
traits were found more crucial in identifying salinity tolerant genotypes. We found that 
genotypes which can maintain a deep, well developed, and extensive root systems, can 
better cope stressful conditions by taking up water and nutrients from the soil and 
efficiently storing them for a longer period for plant survival. We also conclude that pot-
culture screening is a simple and efficient technique for screening rice seedlings for 
salinity tolerance with a high degree of precision; however, it still needs to be compared 
with field study (mass screening) and green-house (controlled condition).   
In the 5th experiment (chapter five), we further performed a genome-wide 
association study (GWAS) on the 74 rice breeding lines, using 7K SNP-arrays for 
genotyping and TASSEL software for genotypic data analysis. The aim was to uncover 
important SNPs, QTLs or genes related to economically important traits linked with 
salinity tolerance. NJ clustering revealed three subpopulations with breeding lines from 
common origin clustering together. General linear model (GLM) discovered a total of 6 
significantly associated SNP markers distributed on four different chromosomes where 
four SNPs were associated with root traits. Mixed linear model (MLM) detected a total of 
37 significantly associated SNP markers distributed on 11 different chromosomes where 
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25 SNPs were associated with root traits. The fact of the higher number of significant 
SNPs for root traits was also observed in CSSRI and PCA results which shows that root 
traits are more important in studying and identifying salt tolerant genotypes during the 
seedling establishment stages in rice.  
The knowledge gained from these studies can help rice breeders and other 
scientists to use the exploited desirable phenotypic and genotypic variation as the first 
critical step in the screening and selection of rice breeding lines for the most critical 
abiotic stresses in rice crop at the early growth stage. The identified superior genotypes 
could be used as such if they are high yielding or as donor parents in rice breeding to 
develop drought and salinity tolerant high yielding cultivars and hybrids for commercial 
purpose. The pot-culture screening methodology can be used as an alternative for green 
house screening or mass screening. It could also be beneficial for farmers to avoid 
substantial economic losses (labor, resources and time) by screening high yielding and 
commercial cultivars for any abiotic stress tolerance at the early stage, before taking a 
potential risk of sowing them on a commercial scale in the stress-prone areas. 
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